National Aeronautics and Space Administration

Headquarters
Washington, D. C.

\’-1) ey

s

/

2 N LABORATORY AND THEORETICAL INVESTIGATION
CHEMICAL RELEASE EXPERIMENT.

OF

e""‘j o) July 1966

- - )
<’vl lxhx \?3 - Q‘

{ q Pl Y

m&*&)u\wm@ U TN

ﬁ TECHNOLOGY DIVESEON-E

Bedford, Massaehusettsd ..
e A

' Quarterly Progress Report No:)s

S> 9 Aprit—1966, - 8 Julg 1966

P,

&

N A

Contract No, NASW-1341

y
!

Wt

3’

.f\\ e

\@

AL O -+ VS

GV 4RO



Section

I

II

APPENDIX

APPENDIX

APPENDIX

APPENDIX

TABLE OF CONTENTS
Title

INTRODUCTION

A. General Comments

B, Vorik Summary

C., List of Publications
D. Fiscal Summary

DETAILS OF WORK PERFORMED

A, Deactivation of O(ID) By Molecular Oxygen
and Nitrogen T

B. Ion Molecule Reactions

C. ChemilTumlnescence in the Reactions of Atomic
Oxygen with COS and H, S

D. Chemiluminescence Reaction of Germanium with
Atomic Oxygen - -

E. True Potential Energy Curves of AL0

F. Franck~Condon Factors o % - X°Z
System 6f &40

G. Rilativi Vibrational Transition Probability of
A°Y - X°Z Band System of AZO

H. The Morphology of Intermediate Optically Thick
Chemical Release Clouds

I. The Dispersion of Particulate Matter in the
Upper Atmosphere for Different Initial Velocity
Distribution and Drag Laus

THE CHEMILUMINESCENT REACTIONS OF ATOMIC OXYGEN
WITH COS AND st

A SPECTROSCOPIC STUDY OF THE CHEMILUMINESCENT
REACTION OF GERMANIUM TETRAHYDRIDE WITH ATOMIC OXYGEN
THE TRUE POTENTIAL ENERGY CURVES OF XZZ and AZZ
STATES OF THE Af0 MOLECULE

STUDIES OF ION-NEUTRAL REACTIONS BY A PHOTOIONIZA=-
TION MASS SPECTROMETER TECHNIQUE

Page

ot

[ B o

16

20
22

27
33
33

36

37

60

76

85



I. INTRODUCTION

A. GENERAL COMMENTS

This is the Third Quarterly Report covering the period from
9 April to 8 July 1966, under Contract NASW-1341, entitled "Laboratory
and Theoretical Investigation of Chemical Release Experiments." This
program has been operated at a slightly accelerated pace because of the
availability of the key personnel. Consequently, the program is ahead
of schedule in terms of its work accomplishments (which are reported
below) and it is anticipated it will be finished approximately ome month

earlier than originally planned.

In accordance with discussions with Mr. H. Hipshar of NASA,
Headquarters, the reports issuing from this program are being directly
written up as communications for the scientific journals, rather than
as GCA Scientific Reports on the program because of the large number of
such reports., Papers already finished are included in the Appendix and

number four to date with others expected shortly.

B. WORK SUMMARY

There is listed in paragraph C the papers submitted or in prepara-
tion under this contract., For those portions of the contract already com-
pleted a brief summary will be given in Section II of the pertinent paper.
For those papers in preparation, a more extended discussion will be
furnished in that section. A large portion of this quarter's work has

simply been writing the papers.



As of this quarter, the following taeks of the contract have been
completed:

(1) Examination of the chemiluminous reactions of trimethyl bismuth
trimethyl phosphorous, dimethyl mercury and diethyl cadmium with atomic
oxygen, atomic nitrogen and ozone,

(2) Measurement of relative intensities of the foregoing compounds
and in one instance the absolute intensity of the chemiluminescence of
ozone with TMA,

(3) The examination of the measurement of atmospheric temperature
by the twilight fluorescence technique. Here analysis of previous measure=-
ments showed that the determination of relative vibrational transition
probabilities were inconsistent. Consequently, new measurements were made.
Further, the true potential energy curves for the A and X state of the
AZ0 molecule were computed. The vibrational wave functions of the different
vibrational levels, the Franck-Condon factors and the r-centroid were also
computed.

(4) The deactivatiocn of 0(1D) by 02 and the charge exchange cross
section of C¥ with 0, and N, has been measured.

(5) A study on the optical morphology of chemical release clouds
as a function of scattering angle for clouds of intermediate opacity
(1t = 1-10) has been completed.

(6) A study of the dynamic growth of particle clouds under condi-

tions of various initial velocity distribution and drag laws has been

completed.



In the remaining quarter of the contract, there remains to be
completed:

(1) The fluorescence calculations and preliminary laboratory
measurements of the vibrational transitions are to be checked in a
simulator,

(2) A measurement of the rate of consumption of several organo-
metallics with molecular oxygen.

"It is-also planned to publish the papers listed below as "in

preparation.”

Work has been held in abeyance on the differential spectrophotometry
technique for determining the ratio of atomic oxygen and ozone by chemilumi-
nescence with nitric oxide because of recent doubt case on the chemilumi-
nescent reaction rate of atomic oxygen with nitric oxide by Golomb, et al,
of the AFCRL group, and Spindler of the Canadian group. Some small effort
will be put into the solution of this dilemma ofreaction rates. There is
an indication that the answer may be in the value of the quenching rates

used in the work of Schiff.
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C. LIST OF PUBLICATIONS (SCIENTIFIC JOURNAL ARTICLES SUBMITTED

OR IN PREPARATION)

(1) "A Spectroscopic Study of the Chemiluminescent Reaction of
Germanium Tetrahydride with Atomic Oxygen," A, Sharma and J., P. Padur,
submitted to Proc. Phys. Soc.

(2) "The True Potential Energy Curves of XZZ and AZZ States of AZ0
Molecule," A, Sharma, submitted to J. Quant, Mol. Spectrosc. Rad. Trans.

(3) "Franck-Condon Factors and R-Centroids of A% - x5 Band
System of A£0," A, Sharma, to be submitted to J. Quant. Mol, Spectrosc.
Rad. Trans.

(4) "Relative Vibrational Transition Probability of AZZ - XZZ
Band System of A£0," A, Sharma and P. Warneck, in preparation.

(5) "Studies of Ion-Neutral Reactions by a Photoionization-Mass
Spectrometer Technique,'" P, Warneck, submitted to J. Chem. Phys.,

(6) "The Chemiluminescent Reactions of Atomic Oxygen with COS and

HZS," A. Sharma, J. P. Padur and P, Warneck, submitted to J. Phys, Chem.

(7) "Atmospheriec Ion Neutral Reactions," P, Warneck, in preparation.

(8) "“The Morphology of Intermediate Optically Thick Vapor
Atmosphere Clouds," J., Pressman and H, K. Brown, in prsparation.

(9) "The Dispersion of Particulate Matter in the Upper Atmosphere
for Different Initial Velocity Distributions and Drag Laws," J. Pressman

and H., K, Brown, in preparation.



D.

E.

FISCAL SUMMARY (9 April through 8 July 1966)

Category
Principal Scientist

Staff Scientist
Senior Scientist
Junior Scientist
Senior Technician

Technical Typist/
Illustrator

Junior Technician

COST TO DATE

Labor

Indirect Costs
Material & Supplies
Equipment

Travel

Total to date

(including overhead)

TRAVEL SUMMARY

Hours
342
166
601
175
166
70
31
$24,800
0
3,800
—_0
$67,900

No trips taken this quarter.

No, of People
in Categoxy

1

1



II. DETAILS OF WORK PERFORMED

Below there is furnished succinct summaries of work already finished

and more detailed discussions of worlk in progress.
A. DEACTIVATION OF 0(1D) BY MOLECULAR OXYGEN AND NITROGEN

In the previous quarterly report, a series of experiments were
described which attempted to identify the presence of 1D oxygen atoms in
a vessel by their emission of 63008 radiation. This emission is strongly
forbidden and is, therefore, difficult to detect, but an analysis of the
experimental situation indicated that detection should be possible under
optimum conditions, Since 63008 radiation is the only property of O(ID)
oxygen atoms which unequivocally indicates their presence, these experi-
ments were considered essential. Nevertheless, no successful detection
of 63008 radiation could be achieved and it was concluded that the experi=~
mentally available production rate of O(ID) by photolysis of oxygen is

insufficient,

The possibilities of using chemical tracers of 0(1D) have been
discussed in a previous quarterly report and the advantages of ozone
production rates as indicator for presence of 0(1D) has been pointed out.
This method is best used in conjunction with the photolysis of oxygen
using 14708 Jenon resonance radiation because at this wavelength the

primaxry process is

*
(1) 0, +hv =0 +0

*
Where O siinifies excited O-atoms in the 1D states., At sufficiently high

pressures of oxygen tle subsequent reactions are

6



(2) 0+20, -0, +0,, fast
0" +o0, + K

3) p TM-0, + M, k
*

(4) 0" +0,->0,+0, Xk,

*
() o + 03 =0, +0,, ke

The determination of rate constants requires the quantitative
measurement of the ozone quantum yield as a function of various experi-
mental parameters, However, as is genmeraslly true with photochemical
systems, only ratios of rate constants can be determined and absolute
rate constants must be obtained by compairson with other available
values. The method by which this can be accomplished has been discussed

previously,

The experimental arrangement for the study of the above pho-~
tolysis system has been described previously in a different context.
Briefly, the production of ozone in a flow system is investigated as a
function of pressure and temperature and as a function of foreign gas
admixture. Figure 1 shows the results obtained for pure oxygen, a 1:l
mixture of nitrogen and oxygen, and 1:4 mixture of nitrous oxide and
oxygen, all at room temperature. The decline of the ozone quantum yield
with decreasing pressure foxr pure oxygen and the oxygen-nitrogen mixture
indicates qualitatively that quenching of O(ID) by either gas cannot be
very rapid, since otherwise the ozone quantum yield should be independent
of pressure and would have a value of g(03) % 2. The decrease of the
ozone quantum yield to values of about unity in the N20-02 mixture indi-
cates a complete loss of O(ID) by reaction with NZO’ which is known to

be rapid.
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A detailed analysis of these data will not be given here., The
results can be expressed in terms of k4/k5, k6/k5 and k7/k5 where k. and
k7 are the rate coefficients associated with the reactions.

%*
(6) 0 +N, -0+ N

2 2
*
@) o + NZO -+ N2 + 02
- NO + NO

The partitioning ratio for the two types of reaction products in Reaction
(7) are about 1:1, The resulting rate constant ratios are shown below
k4/k5 k6/k5 k7/k5

4 4 3

6.1 x 10~ 2.7 x10°7 6,0 x 10~

It is evident that in all cases the reaction of 0(1D) with ozone is much
faster, A lower limit for k.5 has been given by Fitzsimmons and Bair from
data concerning the flash photolysis of ozone. An upper limit to k5 can

be obtained from the temperature dependence of the ozone quantum yield

in the present work which has been reported elsewhere. Thus, k5 ~ 7::10-12

cc/molecule second, The absolute rate constant for the deactivation by

15 cc/molecule second, The other rate

14

oxygen is, accordingly, k4V4x10-

15

constants are kg % 2x10 " cc/molecule second, ky X4 x 10" ce/molecule

second.
B. ION MOLECULE REACTIONS

This section deals with the determination of the rate constants

associated with the reactions of atomic oxygen ions,



(8) o++02-»o;'+o
+

9 o + N, » N0+ N
which to a large extent controls the abundance of 0+ and NO+ fons in the
ionosphere. Under the present contract a novel experimental technique is
used to determine the appropriate rate constants, This experimental method
employs photoionization as the source of the primary ions, and thereby
eliminates many of the difficulties associated with common electron impact
ionization, for example, the generation of impurities at hot filaments,
etc, A detailed description of the photoionization mass spectrometer
technique has been given in the previous quarterly report. Briefly,
it consists of ionizing a gas mixture in an fonization box, in a plane
perpendicular to the ion exit aperature by repetitive pulses of ultra-
violet light at wavelengths around 5008. A vacuum ultraviolet monochroma-
tor is used to provide the required dispersion with 58 resolution. In
the ion source, the primary photo-ions are drifted to the ion exit aperature
by means of a rgpeller field and during the drift they undergo the desired
reactions, As soon as they leave the source, the ions are subjected to a
strong focussing field at reduced pressure so that further reactions are
suppressed. Accordingly, the primary ions react only during their resi-
dence time in the source. Making use of the pulsed nature of the light
source, the residence time is determined by measuring the delay time ob~ -
served between the formation of a particular ion and its arrival at the
mass spectrometer detector. A graphical extrapolation procedure for delay

times obtained with different repeller voltages is used to separate the

10



residence time in the source from the total flight time of the ions in the
mass spectrometer for the employed conditions., The details of these
techniques are described in a paper submitted to the Journal of Chemical
Physics and entitled "Studies of Ion-Neutral Reactions by a Photoioniza-

tion Mass Spectrometer Technique."

In the previous quarterly report a series of experiments were
described which involved pure oxygen ionized at 5853. From these data,
the rate constant for Reaction (8) was obtained as k1 m 2,25 x 10-11
cc/molecule second, In the present reporting period, additional experi=
ments were performed with air, using ionizing light at two different wave-
lengths, either 5848 or 6302, by selecting suitably strong lines emitted
from the light source. Both wavelengths lie below the onset of 0+ forma~
tion at 6583, so that the occurrence of Reactions (8) and (9) could be
anticipated, Additional primary ions are 0; and N;o The former under-
goes no noticeable reactions, but the latter reacts with 0z by charge

transfer:

+ +
(10) N, + 0, = 0, + N,.

Altogether then there are three reactions occurring simultaneously
making the analysis complicated. Fortunately Reaction (10) does not
interfere with the loss of 0+ ions and the production of NO+ ions accord-
ing to Reactions (8) and (9), so that these can be treated separately.
Moreover, in the actual experiments, the production of primary 0+ ions is

+

only about 1/10 of O2 ions, so that the generation of 0; from Reaction (8)

is negligible in comparison to that from Reaction (10). While this favors

11



the determination of the rate constant for Reaction (10), it also excludes

the use of 0; formation from Reaction (8) for the determination of kl'
However, k1 and kz can be determined from the behavior of the O+ and NO+

ion currents alone, The appropriate rate equations are:

-+

iﬁ’—l = k (01 (0,) + K, (01 () = K, (0)) (0 )@ + e?

4.
400 - 1, @y = K, @D 0y «

where € = kz(Nz)/k1(°2)' Straight forward integration over the time period

yields
©%) = (M) exp [~ &, A +¢€) () t]

a0 Lie
mofy ¢

From these equations, the rate constants k1 and k2 can be obtained in the

form
1 1 1 (0+>o
L, = - og
1~ (A +¢€) (02)t (0+)
el ) !
ky = = + +,
(Nz) 4[a(0’)/amo’) - 1]

As previously, the initial oxygen ion intensity, (O+)o, is derived
from the sum of the ion intensitles at the considered pressure weighted

with the fraction of the 0+ ion intensity at low pressures. At pressures

12



below 100 microns where A(O+) is not large enough to be useful for the
determination of the rate constants, kz can still be obtained from the

observed NO+ ion intensity by using the approximation

+, , oot
ky = (N0T)/ (0 )O[szt

Figure 2 shows the 0+ and NO+ ion intensities resulting from these
experiments, normalized with respect to the O+ ion intensity slope at low
pressures to take into account the difference in light intensities and
ionization cross sections at the two wavelengths 5858 and 6308, Also
shown in Figure 2 by the solid line, is the initial d+ ion intensity. The
occurrence of Reactions (8) and (9)’is evidenced by the loss of of and the
production of N0+. Since, with the exception of the ionizing wavelength
the experimental conditions were the same, the agreement of the two sets
of data indicates that the reaction rates are independent of wavelength
as indeed they are expected to be. A treatment of the experimental data
shown in Figure 2, according to the above equations and the resulting
averaged rate constants k1 and kz,are given in Tables 1 and 2. The
averages obtained for k1 are in good agreement with each other and also

with the value reported in the last quarter. The average from these three

11

= 2,0 x 10" """ cc/molecules sec. This value is in good agree~

11

values is k1
ment with that given recently by Sayers and collaborators, kl = 1.6 x 10~
cc/molecule sec, but it is by a factor of two lower than the rate constant
k1 = 4 x 10-11 cc/molecule sec obtained by Fehsenfeld, et al. with the
flowing afterglow device., However, even in this case, order of magnitude

agreement is observed., It is significant that these values were obtained

13
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TABLE 1

REACTIONS WITH OXYGEN AND NITROGEN OF O' YONS PRODUCED BY
PHOTOIONIZATION OF AIR AT 5858 WAVELENGTH

o op ©h woh oD, e ¢ kx10™ K, x10'2
. (microsec)

(nicrons) (Arbitrary Units) (cc/molecule sec)
44 27 0.7 3404 hndaded 3.7 - e 4-75
59 48 1.6 44,8 ——— 4.2 -—— 5.45
61 39 1.5 44,8 - 4.2 - 4.82
80 55 3.0 55.8 —— 4.9 - 5.20
90 63 3.7 63.2 - 5.2 - 4.70

105 70 4.8 68.3 ——- 5.4 ——- 4.45

138 72 6.6 83,0 1.33 5.4 1,32 4,30

145 69 7.8 83.7 1,00 5,8 1.74 4.45

152 76 8.4 96.0 1.00 5.9 1.98 4,90

165 75 9.9 99,0 0.76 6.2 2,20 4.20

198 72 10.8 104.0 0.90 6.7 2.20 5.15

12

Average k, = 1.90x10" ! cc/molecule sec, Av. k, = 4,76x10""° cc/molecule sec

TABLE 2

REACTIONS WITH OXYGEN AND NITROGEN OF O IONS PRODUCED BY
PHOTOIONIZATION OF AIR AT 6308 WAVELENGTH

P ©H woh o, e k,x10h 1 x1012

(microns) (Arbitrary Units) (microsec) (cc/molecule sec)
40 6.0 0.2 7.6 o 3.7 ~-- 4,10
68 10.0 0.5 11,2 e 4.7 - 4,10
74 12.0 005 12.0 hnbaded 4'9 - 4.96
99 16,0 1.2 15.5 ——— 5.7 ~—- 4,90
111 16.0 1.3 18.0 ——- 5.7 ——- 4,71
120 16,0 1.6 19.5 1.06 6.2 1.78 4,82
138 18.0 3.7 22,3 1.20 6.7 1.65 4.80
156 18.5 4,0 24,6 0.98 7.3 1.95 4,82
166 20.0 4.8 27.4 0.85 7.5 2,03 4.32
181 19.0 5.4 28.1 0.78 7.9 2,27 4,42
195 17.0 4.6 30.2 0.74 8.2 2.35 4,35
205 19.0 5.1 31.6 0.78 9.6 2,25 4.40

u 12 cc/molecule sec

Average k1 = 2,04x10 " cc/molecule sec, Av. k2 = 4,53x10°

e
—

15



by entirely different experimental methods because the agreement thus makes
kl one of the best established thermal rate constants of atmospheric ion

molecule reactions,

The average rate coefficient for the reaction of 0+ ions with
nitrogen is k2 = 4,6 x 10“12 cc/molecule sec. This value is in reasonable
agreement with kz = 3 x 10-12 cc/molecule sec given by Fehsenfeld, et al,
Langstroth and Hasted have employed the transient afterglow method and

12

found k2 = 4.7 x 10 ~° cc/molecule sec, which would be in excellent

agreement with the present value, were it not for the fact that they also
reported k1 = 1l.8 % 10'-12 cc/molecule sec, The last value is by an order

of magnitude too low, thereby casting doubt on both of their determinations.

The present experiments also yield data on Reaction (10). The rate

constants found for the experiments at 5858 and 6303, respectively are

ky = 1.08 x 10*

in good agreement with each other, with an earlier value obtained with light

0 cc/molecule sec and k3 = 1,06 x 10-10 cc/molecule sec,

at wavelength near the onset of N; formation, and with the value of

10

1.0 x 10" cc/molecule sec, given by Ferguson and collaborators.

C. CHEMILUMINESCENCE IN THE REACTIONS OF ATOMIC OXYGEN WITH COS AND HZS

The chemiluminescent intensity in the reactions O + COS and
0+ HZS was studies in a flow system as a function of time and reactant
concentrations. It has been shown previously that the emission from both
reactions gives the same spectrum, so that the process leading to the
chemiluminescence presumably {s the same in both cases. In the present

experiment, evidence was sought that the responsible reaction is

16



0+SO-’SOZ+hV
This evidence has been obtained from the intensity time profile of the
chemiluminescence and its reactant concentration dependence. Figure 3
shows that the intensity increases initially linearly with reaction time,
and that the slope is a function of the reactant concentration. The
initial slope was found to vary directly with the concentration of st or

COS and with the square of this oxygen atom concentration. The results

can be interpreted in terms of Reactions (11)thru (13)

(11) o0 + cO0s -+ SO + CO

(12) o+ H28 + S0 + H2

(13) 0 + S0 + S0, + hv

2
if it 1is taken into account that for sufficiently short reaction times
the consumption of the initial reactant is still negligible. We therefore

have for the reaction O + COS as an example:

A(SO
'é?:_)' = & () (CoS)

AT
—L= k088D .k @ (cos) @)

The right-hand side of this equation represents the initial slope of the

intensity time profile. S8imilarly for the O + HZSreaction

oL, 2
R = k3 k2 ) (st) (2)

Equations (1) and (2) predict a linear relationship with initial CSO or

st concentration and a quadratic one for the atomic oxygen concentration,

This is in agreement with the relationship found in the present experiments.

17
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The absolute intensity in the O + HZS reaction is brighter than

that of the O + COS reaction and this fact is explained by a difference

in the rate constants, From Equations (1) and (2) one obtains

AIzlAt ) 1:_2_ [st]
AL /At k, [cos]

for equal oxygen atom concentrations. From the experiments, therefore,
the ratios of these rate constants can be determined: k2/k1 = 1,85,
Since kl had been measured previously in this laboratory as kl = 0.91 x 10~

cc/molecule sec, we find k, = 1.7 x 10-14 cc/molecule sec,

It must be emphasized that this rate constant refers only to that
portion of the O + HZS reaction which leads to the formation of SO, The
overall reaction path includes an additonal reaction and consequently is

faster. The rate constant associated with Reaction (13)

(13) 0 +50 ~» 802 + hy

was also determined by comparing the light intensity from the O + COS

reaction with that produced in the air~-afterglow reaction

(14) O + NO -+ NO, + hv

2

The relative spectral distributions of both reactions were taken into
account and an interference filter was used in the region around 41003
where both spectra overlap. The introduction of NO to the system
results in emission which is time independent, whereas the intensity
produced in the COS reaction increases linearly with time, In the first
cases, the intensity is given by 14 = k4 (0) (NO), in the second by
Equation (1). A combination of these equations for constant oxygen atom

concentration gives
19
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ka AII/At

= k; (0)(C0S) I,

ks

or wvhen the total intensities I. and I, are replaced by equivalent photo=~

1 4

multiplier currents 11 and 14

) £,k, (N0) AL, /oe

= 3)
3 = T,k () (Cos)i,

when f4 and f, are the fractions of light intensity seen by the photo-

3
multiplier interference filter combination., Figure 4 shows the results,

From the slope of the current-time profile for 0 + COS reaction, onc

obtains AiIIAt = 330 x 1077 A/sec, whereas 14 = 0.005 x 10-7 A. The con=-

4 oy = 5% 10%%,

15

centrations in molecules/ce are (COS) = 4.2 x 10
() = 1.65 x 1014. With these data Equation (3) yields k3 = 5.7 x 10~
cc/molecule sec. This value is about eight times greater than that given
by Rolfes, Reeves and Hartack, but the discrepancy is reduced by several
experimental factors which will not be discussed in detall, However, it
is significant that Reaction (13) is very effective and that it is about
as raplid as Reactions (11) or. (12), so that Reaction (13) determines to

a large extent the course of the 0 + st and O + COS reactions.
D. CHEMILUMINESCENT REACTION OF GERMANIUM WITH ATOMIC OXYGEN

The general results of the study of the chemlluminescent reaction
of germanium tetrahydride and atomic oxygen has been previously reported.
However, the results of our previous study has been now analyzed and has

been presented in the paper. The abstract of the work is as follows:

20
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"The spectrum of the glow produced during the gas phase reaction
of germanium tetrahydride with atomic oxygen is studies in the region
from 2450 to 51008, About 100 bands are measured between 2350 and 40003.
Almost all bands on the short wavelength side of the spectrum belong to
the D-X band system of GeO. Several new bands of the D-X system are
observed together with a number of unidentified bands. The present study
indicates the possibility of a new band system of GeO in the region 3000

and 5000A."

E. TRUE POTENTIAL ENERGY CURVES OF Az0

The relative intensity of the bands belonging to the AZE - XZZ

system of AZO observed during the rocket release of aluminum compounds
in the upper atmosphere at twilight has been used to obtain information
regarding upper atmospheric temperatures. The Franck-Condon factors for
the above band system have been calculated after assuming that the AZZ
and XZZ states of AZO follows the Morse curve., The validity of the above
assumption has been tested by a method given by Pekeris. It was found

that the XZZ state can be approximately represented by the Morse Poten-~

tial, but the AZZ state is expected to show a large deviation.

In view of the above finding, the true potential energy curve of
the AZZ and X22 states were calculated by the Rydberg-Klein-Rees method
described by Zare. The results are given in Tables 3 and 4 and depicted
in Figures 5 and 6 which show that the agreement between the true poten-

tial and Morse potential is reasonable for the xzz state — particularly

for vibrational levels v < 6. However, the deviation of the true potential

is appreciable for even lower vibrational levels.

22



TABLE 3

PCTENTIAL ENERGY CURVE FOR AZZ STATE OF A40

(J = O Rotational State)

(v +1/2) U(x) c:m"1 r, L T_ )3
0 0 1.6668
0.5 434,1 1.7325 1.6080
1.5 1295.3 1,7850 1.5685
2.5 2149.6 1,8235 1,5430
3.5 2996.6 1.8563 1.5233
4,5 3836.0 1,8860 1,5070
5.5 4668.1 1,9135 1,4929
6.5 5492,1 1,939 1.4804
7.5 6309.1 1.9642 1.4693
8.5 7118,2 1,9880 1.4592
9.5 7921.0 2,0111 1,4499
10.5 8715.3 2,0337 1.4413
11.5 9505.3 2.0552 1.4337

23



POTENTIAL ENERGY CURVE FOR XZZ STATE OF A£0

TABLE 4

(J = O Rotational State)

v+ 1/2) U(r) em™t r, 4 r &
0 0 1.6176
0.5 487.9 1.6808 1.5633
1.5 1452.1 1.7309 1.5261
2,5 2401.4 1.7688 1.5026
3.5 3336.1 1.8014 1,.4845
4,5 4257.8 1,8311. 1.4696
5.5 5165.1 1,8589 1.4567
6.5 6058.1 1.8854 1,4452
7.5 6936.6 1.9110 1.4349
8.5 7801.1 1,9355 1.4257
9.5 8660.4 1.9593 1.4175
10.5 9487.3 1.9850 1.4084
11.5 10310.0 2,0065 1.4022

24



Ul"l;'\;‘ LU

e l—

--
U(r)x 102 (cm™!)

2
X 2
At —TRUE POTENTIAL

_____ MORSE POTENTIAL

-




3(Cm")

AS

—t—ab—4—- TRUE POTENTIAL

—  — —— MORSE POTENTIAL

17
r (R)

Figure 6 26




F. FRANCK-CONDON FACTORS OF AZE - XZZ SYSTEM OF AZ0

Since it has been found by previous workers that the Francke-
Condon factors are quite sensitive to the shape of the potential, and
also in view of the above results, the Franck-Condon factors and
r-centroids for the AZZ - XZZ system has been calculated from the RKR
potentials. The repulsive and attractive part of the potentials

beyond the range covered by the spectroscopic data were extrapolated by

the following expressions:

v = ""—b,
T

The constants a, b, a’ and b’ were computed from the last two
turning points of the RKR potential. The vibrational wave functions re-
quired for the calculation of the Franck-Condon factors and r-centroids

were obtained from the numerical solution of the Schrddinger equation:

2
YW 4 (g(v) -v()] ¥, = O
dr v

The computer program described by Zare was used on an. IBM 7094
computer. This program essentially depends on the iterative method of
Numerov and a second order fteration~variation procedure due to Lowdin.
The wave functions were calculated between the limits of 1.1 and 3.08

using steps of 0.0018.
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The accuracy of the calculated RKR potential was first tested
by calculating the G(v) and B(v) values for vibrational levels from
ve=6 tov=9 and comparing them with the observed values. The computed
and observed values of G(v) and B(v) are given in Tables 5 and 6, It has
beer concluded from the agreement between the computed and observed
values of G(v) and B(v) that the calculated RKR potentisgls are accurate
within the accuracy of the presently available spectroscopic data,

although more refined spectroscopic data is desirable.

The integrals involved in the calculations of Franck-Condon
factors and r-centroids were evaluated by Simpson's rule using steps of
0.0018. The calculated Franck-Condon factors are given in Table 7 and
are compared with the Franck-Condon factors calculated from the Morse
potential by Nicholls, The maximum difference between the Franck-~
Condon factors calculated from the RKR potential and those calculated
from Morse potential for the prominent bands is about 17 percent,
However, the values of the Franck-Condon factors calculated from the

two potentials for weak bands differs even in order of magnitude.

The calculated values of r-centroids are given in Table 8 which

also contains the r-centroids calculated from Morse potential.

The relative intensities of emission of bands scaled to 10 in
units of erg/sec and quantum/sec are given in Table 9. In the calcula-
tion of the relative intensity, the variation of electronic transition

moment with the internuclear separation is not taken into account.
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G. RELATIVE VIBRATIONAL TRANSITION PROBABILITY OF AZZ - XZZ

BAND SYSTEM OF AZ0

The relative vibrational transition probabilities of the AZZ -
xzz band system of AL0 can be obtained from the measurement of the
relative intensity of the bands and the calculated Franck-~Condon factors
and r-centroids. The inconsistencies in the intensity measurements of
previous workers have been discussed in the preceeding quarterly report.
The blue-green system of A0 is excited by focusing the radiation from
a pulse ruby laser on a pure aluminum rod (maximum impurity 50 parts
per million), The experimental arrangement is shown in Figure 7. The
intensities of the bands have been determined by the method of photo-
graphic photometry employing a standard lamp (GE quartz-iodine~tungsten
filament lamp, Model 6.6 A/T40/1CL-200W) and a stepped wedge filter.
The intensity profile of A% = = ]1 sequence obtained in this way is
shown in Figure 8 which shows that the background radiation is absent.
It is apparent from Figure 8 that the overlapping of the successive
bands is quite large. In order to accurately determine the amount of
overlapping the theoretical band profiles are being computed. The
theoretical band profiles will be applied to obtain relative intensities
of the bands and hence the relative vibrational transition probabilities.

H. THE MORPHOLOGY OF INTERMEDIATE OPTICALLY THICK CHEMICAL

RELEASE CLOUDS =~ J. Pressman and H. K. Brown

In this study the image of a chemical release cloud under uniform
1llumination is calculated for intermediate opacities from 1 to 10 for
varying angles of seeing, where there is a definite volume effect in

scattering. The approach is a cirect one in which the basic radioactive
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transfer problem is reduced to a geometrical one of the intersection of
three spheres. A simple graphical technique is described for obtaining
the image, extensive tables are presented for various cases, and
sample impages are drawn. A comparison is made with a rocket release
experiment,
I. THE DISPERSION OF PARTICULATE MATTER IN THE UPPER ATMOSPHERE

FOR DIFFERENT INITIAL VELOCITY DISTRIBUTION AND DRAG LAUWS -

J. Pressman and H. K. Brown

The purpose of this study is to compute the rate of growth of
particulate matter in the upper atmosphere for a variety of cases. A
canister is assumed to be at rest or moving, the initial velocity dis-
tribution is assumed a centrifugally determined on or a Maxwellian one
from a presumed explosive burst. The drag forces are assumed to be
zero, proportional to velocity, and proportional to the velocity

squared. Analytical expressions are determined for all these cases.
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APPENDIX A

The Chemiluminescent Reactions of Atomic

Oxygen with COS and HZS

by

A. Sharma, J. P. Padur, and P. Warneck
GCA Corporation, Bedford, Massachusetts 01730

ABSTRACT

The chemiluminescence intensity in the reactions O + COS and O + HZS
was studied in a flow system as a function of reaction time and re-
actant: concentrations. In the initial stage of the reactions, the
intensity increases linearly with time, the slope being proportional
to the concentration of COS or HZS and to tﬁ; square of atomic oxygen
concentration. A kinetic analysis shows that these results are con-

sistent with the notion that the reaction responsible for the emission

in both cases is
3) 0O+ SO —» SO2 + hv .

From the relative intensities, it is concluded that the rate of SO
formation in the HZS reaction is 1.85 times greater than that in the
COs react%gn. The rate constant for reaction (3) was determined as

k3 = 5.7 x 1015 cc/molecule sec from comparison measurements using the
air afterglow reaction as a standard. The consumption of SO radicals
by reaction (3) in the later stages of the reaction is discussed, and<

it is concluded that another SO loss reaction must be operative in ad-

dition to reaction (3). 37



INTRODUCTION

Mass spectrometric investigations by Liuti, Dondes and Harteck<1) and

(2

in this laboratory have shown that the first step in the reaction of

oxygen atoms with carbonyl sulfide is the formation of SO radicals
(1) 0+ COSs - CO + SO .

The rate constant for this process has been determined.(z) The reaction
of oxygen atoms with hydrogen sulfide has also been found(l) to yield SO

radicals via

(2) 0 + HZS i H2 + S0,

although there is probably a second operative reaction path leading to OH

and SH radicals as additional products.

The chemiluminescence associated with these reactions has also been

3-7 €))

investigated. A comparative study has shown that the emission

spectra from the reactions of oxygen atoms with carbonyl sulfide, hydrogen

sulfide and carbon disulfide, and the SOzlafterglow spectrum are nearly

identical, featuring similar intensity distributions. These observations
suggést that the emitter and the process leading to the formation of the
emitter are the same in all four cases of chemiluminescence., Evidence is

mounting that the reaction responsible for the emissions is

) 0+ SO0 -+ SO

5 f hv ,
. (4) (5) :
as was originally suggested by Gaydon. Hermann, et al.,”” observed that
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the short wavelength cut-off of the SO, afterglow near 2400 % coincides

2
with the onset of the dissociation continuum in the SO2 absorption spec~
trum, Halstead and Thrush(s) found that the 802 afterglow intensity is

directly proportional to the product of oxygen atom and SO radical con-

N studied the

centrations. More recently, Rolfes, Reeves and Harteck
light emission from the reaction of O-atoms with COS at low total pres-

sures, and compared it with the O + NO, reaction resulting in the air-

2
afterglow emission involving radiative combination of atomic oxygen with
nitric oxide. Their results indicate that the two reactions are analogous

.

and that reaction (3) proceeds via a simble two-body combination mechanism.

The present work set out to derive additional evidence for the oc-
currence of reaction (3) by studying the time dependence of the chemi-
luminescent intensity in the reactions of atomic oxygen with COS and HZS
for various initial reactant concentrations. From‘such experiments, the
rate coefficients associated with reactions (2) and (3) could be deter-
mined. In addition, intensity profiles were obtained for the later
stage of the reaction of oxygen atoms with COS to explore the possibility

of other SO loss reactions besides reaction (3).
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I

EXPERIMENTAL

The conventional fast flow system employed a cylindrical reactor of
1.9 cm internal diameter. Atomic oxygen was produced by microwave dis-
charge. Either a 99:1 argon-oxygen mixture or pure oxygen was discharged.
The second reactant entered the feactor via an inlet provided with several
radially oriented holes., The inlet could be moved along the reactor axis
by means of a friction drive. Observations wgfe made downstream of the
mixing point using a 1P28 photomultiplier tube:. connected to a Victoreen
microameter. The chemiluminescent emission was viewed throug. - quartz
window mounted on the side of the reactor. A collimating slit system was
interposed so that a spatial resolution of about 0.7 mm was obtained. The
corresponding time resolution was 0.7 milliseconds for linear flow rates

around 10 m/sec. *

Capillary flowmeters were used to measure volume flow rates of the
individual gaseous components: argon, oxygen, carbonyl sulfide, and
hydrogen sulfide. The concentrations of these constituents at the mixing
point were determined from the fraction of the total flow rate and the
prevailing total pressure measured with a McLeod gauge. The total pres-
sure was held at 800 microns unless stated otherwise., Atomic oxygen con-
centrations were determined by gas titration, using the procedure described

(8)

by Harteck, et al.s This is a two-step method. Oxygen atoms are first

titrated with NO, to determine the maximum intensity corresponding to the
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titration half-point. The No, is then replaced by NO to determine the NO
flow corresponding to the same intensity value. The accuracy of this
method is not as good as the direct titratinn with NOZ’ but the complica-

tions due to the 2 NOZ-‘—E Nzoa equilibrium in measuring N02 flow rates are

avoided,
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RESULTS AND DISCUSSION
Dependence of Intensity on Time and Concentration

To investigate the time dependence of the chemiluminescence intensity,
the photomultiplier currents were recorded as a function of the reactant
inlet position, and the reaction time was calculated from the distance
between inlet position and observation point, and the prevailing linear
flow rate of the gas mixture in the reactor. Corrections concerning the
origin of the time scale were required due to the insufficient spectral
resolution and, in part, due to back diffusion of the admixed reactant.

The introduction of both COS and HZS gave emission intensities which in-
creased with time and which extrapolated to zero at the origin. The ob-
served increase of intensity with time was linear so long as the reaction
times were reasonably short, and the employed concentrations were moderate,
Figure 1 demonstrates this observation for the reaction of oxygen atoms
with COS in a plot of intensities versus time for three initial COS concen-

trations. Only the highest COS concentration produces a non-linear intensity-

time dependence at reaction times greater than 8 milliseconds.

The linearity of intensity with time in the vicinity of the mixing
point permits the use of the initial slope of the 1nte;sity-time profile
as a measure of the reaction rate. The variation of the initial slope
with oxygen atom.concentration for the reactions with either COS or H.S

2
is shown in Figure 2 using a logarithmic plot presentation. The concen-
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Figure 1. Chemiluminescence intensity vs reaction time
in system O + COS for three initial COS pressures:
7.6 microns (®); 20.6 microns (A); 35 microns (®);
the average O-atomic pressure was 9.5 microns..
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Figure 2. 1Initial slope of intensity-time profile as
a function of O-atom concentration for the.
systems O + COS (®) and O + H,0 ).
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trations of COS and HZS, respectively, were held constant in these experi-
ments. The intensities for the HZS reaction, actually, were by about a
factor of two brighter than those shown in Figure 2, but these data points
were adjusted to fall onto the same line #s the COS data, so that the
equivalence of the dependence on oxygen atom concentration in both cases
is more clearly demonstrated. The slope of the straight line in Figure 2

is § = 2.08, indicating that the chemiluminescence intensity is proportional

to the square of the oxygen atom concentration.

Figure 3 shows, in a similar fashion, the variation of the initial
slope of the intensity time profile with COS concentration and HZS concen-
tration, respectively. Data from several runs performed on different days
were used in this plot and corrected for the observed oxygen atom concen-
tration making use of the (O)2 law, Here again, the data indicate a
brighter chemiluminescence for the HZS reaction wﬁen compared with the
emission from the reaction with COS. However, both plots yield straight
lines with nearly identical slopes. The averaged value for the two slopes,

§ = 1.1, indicates a first order concentration dependence for carbonyl

sulfide and hydrogen sulfide.

In addition to these experiments in which the total pressure was 800
microns, a set of experiments was carried out for the O + COS reaction at
a total pressure of only 330 microns. It was established that, at the
lower pressure,’the intensity dependence on reaction time and initial

reactant concentrations was the same as that at 800 microns, but the
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overall intensity was found to be smaller. Although this result appears
to indicate a pressure dependence of reaction (3), it has not been pos-
sible to verify this point in a positive manner, because the flow rate
could not be adequately controlled in the present apparatus. If correct,
this result would contradict the observation by Rolfes, Reeves and Har-

(7

teck at lower pressures that reaction (3) does not require a third

body. Halstead and Thrush(6) did not provide independent information on

this point. In view of our own experimental uncertainty and because the
data by Rolfes gg_glg7) favor a two-body process for reaction (3), their
position is adopted here. In any case, most* of the conclusions reached
in this discussion will not be altered sﬁoulh it be shown in the future
that reaction (3) is pressure dependent. However, it is apparent that

this point requires further examination.

The results summarized in Figures 1-3 can be interpreted in terms
of reactions (1) through (3), if it is taken into account that for suf-
ficiently short reaction times the consumption of the initial reactants
is still negligible, With this condition, the SO concentration is a
linear function of reaction time, at least in the initial stage of the
reaction where the destruction of SO radicals by reaction (3) or other
follow~-up reactions is not yet significant. For the reaction of atomic
oxygen with carbonyl sulfide, the initial rate of S0 radical production

is,

A(SO |
-{El -k ;o]Fcos],

e

and the increase of intensity AL produced by reaction (3) in the time

interval At is correspondingly,
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Figure 3. Initial slope of intensity-time profile as
a function of COS (A) and HZS (A) concentrations.
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AL

L~ . (o]

2
W) = 3 m = kK [o]° [cos].

The right-hand side of this equation represents the initial slope of the
intensity-time profile. A similar expression is derived also for the
reaction of oxygen atoms with hydrogen sulfide:

AL A[s0]

® = = K [0] 85U o i [0 (sl

Equations (A) and (B) predict a linear relationship with initial COS
or HZS concentration, and a quadratic one for the atomic oxygen concentra-

tion. This is in agreement with the relationship found in the present

experiments.

Alternatively, the present results can be used to demonstrate that
the chemiluminescence intensity is proportional to the product of the
concentrations of atomic oxygen and SO radicals, as required if reaction
(3) is the predominant light emitting process. TEeQe results, therefore,
are in good agreement with the data reported by Halstead and Thrush,(6) and
)

by Rolfes et al. It is also significant that the analysis of the present

data refers to the very early stage in the reactions, because a variety of
mechanisms can be suggested which lead to the observed concentration depend-
ence, but feature different chemiluminescent reactions. However, such
mechanisms would require the build-up of an intermediate concentration

(such as S0), so that initially, the chemiluminescence intensity could

not be a linear function of time. The observed concentration dependences
and linearity with time taken together constitute‘s;rpng evidence in favor

of assigning reaction (3) as the principal chemiluminescent reaction.
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Determination of the Rate Constants k2 and k3

With the identification of reaction (3) as the principal light emit-

ting process occurring in both the O + COS and the O + H,S reactioms, it

2
becomes possible to determine the involved rate constants by appropriate

comparison experiments.

;t has already been noted that the reaction of atomic oxygen with
HZS produces a brighter chemiluminescence than the reaction with COS under
similar conditions. This fact can now be explained by the difference of
the associated rate constants., As equations (A) and (B) show, the ratio

of the initial slopes obtained for the intensity-time profiles in the two

reactions is given by

2
AL, /0t k, [nzs] {o]2

© m7E % TeosT [g2°
1
where [0]1 and [0]2 refer to the initial oxygen atom concentrations pre-
vailing in the COS and st experiment, respectively. According to equation
(C), the ratio of the rate constants, kz/kl’ can be obtained directly from
Figure 2, where the data are corrected for the varying initial oxygen atom
concentrations. Since the logarithmic plot in Figure 2 yields parallel
lines, kz/k1 is represented simply by the ratio of the AL/At values for
identical COS and H,S concentrations. The averaged ratio of rate constants

2
obtained from these data is k2/k1 = 1,85,

In the region where the dependence of intensity on reaction time is
still linear, the right-hand side of equation (C) also represents the
ratios of intensities at any time t. An experiment was performed in which

the chemiluminescence intensity in the vicinity of the mixing point was
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recorded as a function of the COS and HZS flow rates., The results shown
in Figure 4 are appropriately corrected for the difference of oxygen atom
concentration in the two cases. Since for small reactant flows the
reéctant concentrations are proportional to the measured flow rates, the
obsérved linear increase of intensities for moderate flow rates again

verifies the first order concentration dependence discussed above., The

ratio of the slopes in Figure &4 is

AT, /A[st] k,

AIl/A[cosl "E'l' = 1.85,

in excellent agreement with the average value found above. Applying the
previously determined value for the rate constant of the 0 + COS reaction,

kl = 0,91 x 10-14 cc/molecu1e~sec2, one obtains the absolute value k
14

2=l
1.70 x 10 cc/molecule sec. It must be emphasized that this rate con-

stant refers only to that portion of the 0 + H,S reaction which leads to

2
the formation of the SO radicals. The overall reaction probably includes
the formation of other products so that it is faster, However, the present

results indicate that these other products do not participate in the chemi-

luminescence mechanism,

The rate constant associated with the reaction

(3) 0+so-»soz+hv

was determined by comparing the light emission from the O + COS reaction

with that produced in the air-afterglow reaction

(%) 0 + NO - NO, + hv,

g
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Figure 4. Intensity vs flow rate of COS (@) and
: HZS (0) at constant O-atom concéntration.
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The relative spectral intensity distribution for reaction (3) was previously

(3)

detcrmined in this laboratory. The emission lies mainly in the violet and

f(g) have de-

ultraviolet portion of the spectrum. Fontijn, Meyer, and Schif
termined the spectral intensity distribution for reaction (4) and have shown
that it is centered in the red and near infrared. Both emissions overlap in

the 3800 to 52008 wavelength region. An interference filter was, therefore,
employed in the comparison expe;iment to limit the radiation seen by the
photomultiplier to the region of overlap. The filter featured a transmission
maximum near 4IOOX and a bandwidth of 758. The fraction of radiation registered
by the photomultiplier-filter combination compared to the total integrated emis-
sion from each reaction was determined from the known spectral response of the
phototube, the transmission characteristics of the filter and the relative spec~
tral intensity distributions for both reactions. The evaluation of the compari-

son experiment requires only the ratio of the two fractions, which was found to

be f4/f3 = 0.029, where the subscripts refer to reactions (4) and (3), respectively.

The introduction of nitric oxide to the gas flow containing oxygen atoms
results in an emission intensity which is time-independent, whereas it has been
shown above that the introduction of carbonyl sulfide produces an intensity which

increases linearly with time. 1In the first case, the intensity is given by

and in the second case by equation (A). With the provision that the oxygen

atom concentration remains constant, the combination of both equations yields"

k, [NO] AI_/at
o = 4 1
3 kl [o] [cos] 14 !
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or when the total intensities I1 and Ih are replaced by the equivalent

photomultiplier currents il and 14,
£,k, [NOJ A /At
(D) K 474 1

3 f3k1 o] lcos] i, *

The following individual rate constants were employed in the evaluation of

equation (D): kl = 0,91 x 10-14 cc/molecule sec, given by Sullivan and

@ snd k, = 6.4 x 1077

4
Meyer, and Schiff.(g)

Warneck; cc/molecule sec, determined by Fontijn,

Figure 5 shows the results of the comparison experiments. The photo-
multiplier currents registered upon admixture of either NO or COS to a
discharged argon-oxygen mixture are plotted as a function of reaction time,
From the slope of the current-time profile for the 0-COS reaction, one ob-
tains A11/At = 330 x 10-7 A/sec, whereas 14 = 0,085 x 10-7A. The prevalent
concentrations of nitric oxide, carbonyl sulfide, and atomic oxygen are
given in the legend. With these data, equation (D) yields the rate con-
stant associated with reaction (3): k3 w 5,7 x 10-15 cc/molecule sec.
This value is about eight times greater than the rate constant estimate
given previously by Rolfes, Reeves, and Harteck,(7) but the discrepancy
is reduced by the following circumstances. First, these authors used for
k4 the earlier value(lo) kh =3 x 10"17 cc/molecule sec. Also, owing to
the many experimental quantities that enter into Equation (D), the present
method of determining k3, although straightforward, is affected by a large

experimental error. The derived value can be in error by as much as a

factor of two in view of the uncertainties within which k1 and k& are

L .

known., In addition, it must be considered that Rolfes et al.(7)worked

at total pressures around 10 microns, whereas in the present experiments,
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- had been suggested both by Sullivan and Warmeck

the pressure was 800 microns. The two values for k3, therefore, are in
sufficient agreement to suggest that reaction (3) is pressure independent.
The rate constant value is found to be about 100 times greater than that
of reaction (4), despite the indication that both reactions are of the
same type. Most significant is the result that reaction (3) is almost

as rapid as the precursor reaction (1). As a consequence, reaction (3)

is effective in determining the course of the O + COS and O + H,S reac-.

2

tions in their later stages.

SO Radical Consumption

While in the initial stage of the reactions under discussion the
chemiluminescence intensity is characterized predominantly by the produc-
tion of SO radicals, it is evident from the ratio of the rate constants
k3/k1 = 0.63 that, in the later stages of the reactions, the consumption
of SO radicals by reaction (3) cannot be ignored., The importance of SO
radical losses due to secondary reactions was recognized previously, but

reaction (3) had not been considered fast enough to provide a significant

SO reaction channel. Instead, the reaction

(5) SO +so—>soz+s

2) to explain their mass
spectrometer results, and by Rolfes gg_gl§7) to account for the deposition
of sulfur in their reaction vessel. From the k3 value found in the present
work, it appears, however, that the mass spectrometer results could be
equally well be explained by reaction (3) in place of reaction (5). While,

of course, the ﬁ}esent experiments could not provide detailed information

on the individual reactions prevailing in the later stages of the O + COS
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and 0 + HZS reactions, it was nevertheless, of interest to investigate
the possibility that reaction (3) constitutes the major SO loss reaction.
For this purpose, the intensity profiles observed in the reaction of
atomic oxygen with COS were compared with profiles calculated on the
assumption that the predominant mechanism consists only of reactions (1)
and (3). The results of this experiment are shown in Figure 6. Calcu-
lated intensities are plotted in the form [SO][O]/[O]O2 versus the
reaction parameter T = k1[0]0t for several initial reactant concentration
ratios Yo = [COS]/[O]O. -The experimental data points were obtained with
pure oxygen instead of the argon-oxygen mixtures, so that a higher initial

oxygen atom concentration could be realized, A common scaling factor was

applied to the experimental intensity data to facilitate the comparison.

Figure 6 clearly indicates that except in the initial stage of the
reaction, the agreement between calculated and experimental intensity
profiles is very poor. Not only are the observeq'intensities lower than
the calculated ones, but the maxima also occur sooner, In addition, it
appears that the observed maximum intensities do not follow the calculated
trend indicated by the dashed line in Figure 6, but are lower for y > 2.
These results lead to the conclusions that, despite igs comparatively fast
rate, reaction (3) alone is insufficient to explain the observed intensity
profiles and that an additional reaction involving the consumption of S50
radicals must be included in the overall mechanism. The reaction pos-

sibilities requiring consideration were discussed previously,(2’7), and

arguments were ,given which favor reaction (5).
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CONCLUSIONS

The behavior of chemiluminescence intensity with reaction time and
reactant concentrations in the initial stage of the reactions (1) O + COS
and (2) 0 + HZS has been found to support the suggestion that the reac-
tion responsible for the chemiluminescence is the radiative combination
of atomic oxygen with SO radicals: reaction (3). Comparative intensity
measurements enabled the determination of the rate constants associated
with reactions (2) and (3). The combination reaction (3) was found to be
almost as fast as reactions (1) and (2), so that it causes an appreciable
consumption of SO radicals in the later staées of the reactions, Never-
theless, an additional SO loss reaction is required to explain the intensity

profiles observed in the later reaction stages.
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APPENDIX B

A Spectroscopic Study of the Chemiluminescent

Reaction of Germanium Tetrahydride with Atomic Oxygen¥*

by
A. Sharma and J. P. Padur

GCA Corporation, Bedford, Massachusetts 01730

ABSTRACT

The spectrum of the glow produced during the gas phase reaction
of germanium tetrahydride with atomic oxygen is studied in the region
from 2450 to 5100 &. About one hundred bands are measured between
2350 and 4000 &. Almost all bands on the short wavelength side of the

spectrum belong to the D-X band system of GeQ. Several new bands of

‘the D-X system are observed together with a number of unidentified

bands. The present study indicates the possibility of a new band

system of GeO in the region 3000 and 5000 1.
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1. Introduction

The spectroscopic studies of the chemiluminous reactions of atomic
oxygen with several substances have been previously undertaken by several
workers and summarized by Gaydon (1957). Recently, Kaufman (1961) has
reviewed the kinetics of the atomic oxygen reactions with various compounds.
However, no information regarding the chemiluminescent reaction of atomic
oxygen with germanium compounds is available. We have found that the
reaction of germanium tetrahydride with atomic oxygen is accompanied by
a strong blue chemiluminescence. On the other haﬁd,'we did not observe
any visible chemiluminescence during the reaction of atomic oxygen with

germanium tetrachloride,

The examination of the spectra of the chemiluminescence produced
during the reaction of germanium tetrahydride and atomic oxygen reveals a
large number of bands in the region from 24508 to 51008. Most of the bands
on the short wavelength side of the spectrum belong to the D-X system of
GeO. In addition to the bands of the D-X system of GeO observed by
previous investigators, we have observed a number of new bands belonging
to the above system. A number of unidentified bands are also observed,
which presumably indicate the presence of a new band system of the GeO
molecule on the longer wavelength side of the D-X system of CeO. In
this paper, we shall present the results of the spectroscopic study of

the chemiluminescent reaction of germanium tetrahydride and atomic oxygen.,

2. Experimental_ Procedure

A conventional fast flow system was used for the present study,

which consists of a2cm i.d. pyrex tube equipped with quartz windows and
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inlets for introducing atomic oxygen and other reactants. The atomic
oxygen was produced by a microwave discharge through about 100:1 mix-

ture of argon and oxygen. The dissociation of molecular oxygen provides
about one percent of atomic oxygen in the presence of very little molecular
oxygen. The flow tube dimensions and the pumping speed were such that the
linear flow velocity of gases were of the order of 1000 cm/sec. The
depletion of atomic oxygen due to recombination between the discharge and
the reaction tube was only a few percent of the initial atomic oxygen con-
centration produced by the microwave discharge. The germanium tetrahydride
or germanium tetrachloride (from Alfa Inorganics,specified minimum purity
of 99 percent) was introduced into the reaction tube through a floﬁ meter
and a needle valve, A blue glow was observed during the reaction of
germanium tetrahydride and atomic oxygen. However, no visible chemi-
luminescence was observed when germanium tetrachloride was introduced in

the reaction tube together with the atomic oxygen.

The spectrum of the chemiluminescence prodhced during the reac-
tion of germanium tetrahydride and atomic oxygen was studied with a
grating monochromator, Hilger 's small quartz spectrograph and a Jarrel-
Ash 1.5m grating spectrograph., The initial spectrum was recorded with a
Perkin-Elmer (Model 99) monochromator equipped with a 600 line/mm grating
blazed at 50008 and an E.M.I. 9558Q photomultiplier tube. In order to
find the true relative intensity of the observed spectrum, the spectral

response of the recording system was obtained from the observed spectrum

of a standard light source (GE quartz iodine tungsten filament lamp,

v

Model 6.6A/T4Q/1CL-200W), The absolute irradiance of the lamp was ob-

tained from Stair et al. (1963). The initial recorded spectrum of the
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chemiluminescence produced during the reaction of germanium tetrahydride
and atomic oxygen was corrected for the spectral response of the record-
ing system and the corrected profile of the recorded spectrum is shown

in Figure 1. It can be seen from the corrected spectrum (Figure 1) that
its intensity is strongest in the wavelength region'around 31008. Since
the sensitivity of the recording system drops considerably at wavelengths
shorter than 30002, the spectrum of the chemiluminescence was photographed
with a Hilger's small quartz spectrograph and is shown in Plate 1. The
spectrum photographed with this spectrograph shows the presence of

a large number of bands between the wavelength of 25008 and 50008%.

The dispersion and resolution of the small quartz spectrograph
was not sufficient for the definite identification of the observed bands.
Therefore, a spectrum was photographed with a 1.5m Jarrel-Ash grating
spectrograph with a grating blazed at 30008 and reciprocal dispersion of
about llx/mm. The exposure time required to obtain a good spectrum on
103 a-F film was about 2 hours. A wide slit of ab&gt 2 mm width was used
because of the low intensity of the chemiluminescence and small light
gathering power of the grating spectrograph. This has necessarily
resulted in some loss of resolution. An enlargement of the photographed

spectrum is shown in Plate 2,

3. Experimental Results

The spectrum recorded with the 1.5m grating spectrograph was

used for the measurement of the wavelength of the band heads which are

.given in the fir;t column of Tables I and II. The sécond column of

Tables I and II shows the visually estimated intensity of the bands.
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TABLE I

THE IDENTIFICATION OF THE BANDS OF D-X SYSTEM OF GeO

Measured A Intensity A (v, vi7) Identification
Visual
) Estimate (Jevons et al,1937) \ Calculated (v/, v//)
2364, 7% 1 2365.85 (11,2)
2373.6% 1 2375.4 (9, 1)
2386.1% 2 2385.67 (7, 0)
2397. 1% 2 2398.3 (10,2)
2406. 8% 2 2408.29 (8, 1)
2418.9 6 2419.85 (6, 0)
2429,4% 1 2431.33 (9, 2)
2441.40 10 2441.9 (7, 1) 2442.61 (7, 1)
2454.0 12 2454.8 (5, 0) 2454.80 (10,3), 2455.52 (5, 0)
2465.1% 4 2465.81 (8, 2)
2477.3 5 2477.8 (6, 1) 2478.45 (6, 1)
2491.5 18 2492.2 (&4, 0) 2489.43 (9, 3), 2492.80 (4, 0)
2501.9% 2 2501.80 (7, 2)
2514.8 10 2514.88 (5, 1) 2513.50 (10,4), 2515.89 (5, 1)
2430.0 30 2531.10 (3, 0) 2531.76 (3, 0)
2562.4% 1 2563.35 (7, 3)
2571.0 30 2571.83 (2, 0) 2572.52 (2, 0)
2587.6% 2 2587.76 (8, &)
2602.8%* 12 : 2602.85 (6, 3)
2613.5 30 2514.13 (1, 0) 2612.62 (9, 5), 2615.20 (1, 0)
2621.90 15 2619.5 (4, 2, 2619.36 (4, 2)
2627,8%* 5 2627.4 (7, 4)
2638.0 17 2639.17 (2, 1) 2637.9 (10,6), 2638.85 (2, 1)
2644, 9% 12 2644.17 (5, 3)
2652, 2% 1 2652.46 (8, 5)
2658.5 20 2659.42 (0, 0) 2659.90 (0, 0)
2661.1 20 2662.33 (3, 2) 2662.93 (3, 0)
2682.2 30 2682.98 (1, 1) 2683.78 (1, 1)
2713.4 4 2707.4 (2, 2) 2712.40 (5, &)
2720.4% 2 2719.85 (8, 6)
2730.17 20 2730.02 (0, 1) 2730.90 (0, 1)
2754, 6% 15 2755.4 (1, 2)
2780.1 15 2779.71 (2, 3) 2780.55 (2, 3)
2804.2 20 2804.17 (0, 2) 2805.09 (0, 2), 2805.73 (3, &)
2837.4% 15 2836.25 (7, 7)
2845,9% 4 2844.3 (10, 9)
2856.2 15 2855.42 (2, 4) 2855.87 (2, 4), 2857.89 (5, 6)
2881.6 30 2881.75 (0, 3) 2881.95 (3, 5), 2882.71 (0, 3)
2893.8% 5 2890.93 (9, 9)
2907.5 16 2908.1 (1, &) 2908.57 (1, 6), 2908.80 (4, 6)
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TABLE I (Continued)

Measured A Intensity A (v, v?7) Identification
Visual
g Estimate (Jevons et al, 1937) A Calculated (v/, v/7)

2919.3% 2 2919.0 (10, 10)

29061.8 20 2963.04 (0, &) 2961.68 (3, 6), 2963.99 (0, &)

2969.6% 5 2968.13 (9,10)

2988.9 30 2989.89 (1, 5) 2988.96 (4, 7), 2990.56 (1, 5)

3016.5% 10 3016.73 (5, 8), 3017.61 (2, 6)

3048.8 S 3048.76 (0, 5) 3047.8 (9,11), 3048.76 (0, S)

3075.5 25 3075.7 (1, 6) 3073.81 (7,10), 3073.18 (4, 8)
3076.51. (1, 6)

3104.2 16 3103.1 (2, 7) 3104.31 (2, 7), 3103.4 (8, 11)

3132.4 4 3131.6 (3, 8) 3132.62 (3, 8)

3134.3% 4 3133.1 (9, 12)

3139.0* 1 3138.58 (0, 6)

3158.3* 2 3158.6 (7, 11)

3166.1 12 3165.9 (1, 7) 3166.67 (1, 7)

3196.2 12 3194.3 (2, 8) 3195.26 (2, 8)

3221.0 30 3222.9 (3, 9) 3221.3 (9,13), 3224.36 (3, 9)
13220.8 (6, 11)

3248.7% 8 ’ 3251.0 (7,12), 3252.6 (10, 14),

3253.98 (4, 10)

3262.2% 6 3261.37 (1, 8)

3291.0 6 3289.7 (2, 9) 3290.76 (2, 9)

3312.4% 1 3313.6 (9,14), 3314.8 (6, 12)
3320.8 15 3319.4 (3, 10) 3320.69 (3, 10)

3325.3% 20 3331.21 (0, 8)

3352.3% 15 3349.2 (4, 11)

3380.2% 6 3378.0 (8,14), 3382.0 (5, 12)
3412,5% 1 3410.4  (9,15), 3413.7 (6, 13)
3422.0% 4 3421.0 (3, 11)

3436.9% 6 3435.15 (0, 9)

3454 . 3% 3 3453.3 (4, 12)

3463.4% 8 3465.72 (1, 10)

3484.7% 1 3485.2 (5, 13)

3491.8% 8 3494.6 (2, 11)

3519.2% 6 3517.6 (6, 14)

3592.8% 1 3593.5 (5, 14)

3610.5% 2 3608.2 (2, 12)

3638.6%* 3 3640.8 (3, 13)

3794.4% 1 3793.3 (4, 15)

3812.7* o 2 3815.8 (1, 13)




TABLE 11

THE UNIDENTIFIED BANDS

Measured \ R

Intensity

2928.2
2944.5
2952.1
2978.0
3003.4
3040.2
3053.4
3090.9
3122.5
3148.0
3175.4
3185.6
3299.6
3304.9
3370.7
3473.1
3549.1
3558.7
3581.2
3669.7
3682.0
3700.0
3732.8
3776.7
3826.0
3860.0

-

p—

HEFNNMNNNEENNDNWOWNO M MEHOFENEOARERWOAPN-=

69



The spectrum of the chemiluminescence froduced during the reaction of
germaéium tetrahydride and atomic oxygen is extensive and consists of
about one hundred bands between 23508 and 4000%. It may be noted from
Plate 2 that most of the observed bands are degraded to the longer wave~
length. Howéver, due to the wide slit, the degradation of some of the
bands is uncertain. Previous workers (Pearse and Gaydon, 1963) have
observed red-degraded bands of the D-X system of GeQ in a region between
23428 and 3319%. It was found that all the thirty bands belonging to
the D-X system of GeO observed by Jevons et al. (1937) can be identified
in the present spectrum. The wavelength of the bands méasured by Jevons
et al. (1937) are given in the third column of Table I, Because of the
similar appearance of the remaining bands, in the same region, it was
suspected that some of the remaining bands may also belong to the D-X
system of the GeO molecule., Therefore, the wavelengths of the bands
belonging to the D-X system of GeO with v/ up to 10 and v/¢ up to 15

were calculated from the following expression given+by Jevons et al.
v = 37762.6 + (651.3u - 4.2u/%) - (985.70¢ - &4.3ul’?)

where u = v + 1/2, With the help of the calculated wavelength of the band
heads, a number of remaining bands are identified and are indicated by
asterisks in Table I. The calculated wavelengths of the identified bands
belonging to the D-X system of GeO with the vibrational quantum numbers

involved in the transition are given in the fourth column of Table I.

A number of additional bands which cannot be identified defi-
nitely with the bands of the D-X system of GeQ are.collected in Table II.

The three strongest unidentified bands are at 3053.48, 3122.5% and 3175.48,

70



which are probably the bands belonging to the ZZ»fosystem of OH. How-
ever, the above identification is not conclusive due to the presence of

the other bands of the D-X system of GeO in the same region.

4, Discussion

The unique combination of w’e and w'; (3&% P Zwﬁg) has resulted
in a narrow grouping of several bands which together with the low resolution
further complicate the unique identification of some bands. For example,
the 3,5 band at 2881.95%, 0,3 band at 2882.71% and 6,7 band at 2884.69%
lie very close to each other and, therefore, are not resolved. A number of
such cases are shown in Table I. However, it may be concluded that almost
all bands on the short wavelength side of the spectrum belongs to the D-X
system of GeO, which was first studied by Sh;w (1937) and SenGupta (1937)
in emission from a carbon arc containing germanium compounds. Shaw (1937)
observed the bands from 24418 to 2989% and SenGupta extended their observa-
tions from 23428 to 3292%. However, Jevons et al. {1937) recognized the
fact that to obtain greater contrast between band head and overlying struc-
ture of neighboring bands, a source giving a lower temperature distribution
would appear to be necessary., Consequently, they used an uncondensed dis~-
charge through a flowing mixture of GeCl4 and oxygen and were able to extend
the D-X system of GeO to the 33193. However, in addition to the Ge0 bands,
they observed Gel lines, GeCl bands and a continuum. This is due to the
non-selective excitation of spectra in electric discharges. The presence
of additional different features in the spectra of electrical discharges
renders the obsef;ation of the desired spectrum difficult., On the other

hand, the excitation of spectra by chemiluminescent reaction is very
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selective and is comparatively free from the presence of other spectral
features. Therefore, we have been able to extend the D-X system of GeO
to 38002 and also have been able to observe a number of new bands of the
same system (marked by asterisks in Table I) which have not been reported

by the previous workers,

In addition to the bands belonging to the D-~X system of GeO,
there are several unidentified bands and are given in Table II. Most of
these bands lie between 30008 and 3800%. A comparison of the spectra
taken with the two spectrographs show that a number of bands between 40003
and 50008 observed in the spectrum (Plate 1) photographed with a Hilger's
small quartz spectrograph are not observed in the spectrum photographed
with the Jarrel-Ash 1.5m grating spectrograph. This is understandable be-
cause the grating is blazed for 30008 and, therefore, the efficiency of
the grating in the region between 40008 and 50008 is low. Moreover, the
spectral sensitivity of the 103-a-F emulsion is also low in this region.
However, the observation of a number of unidentifi&d bands on the long
wavelength side of the D-X system of GeO indicates a strong possibility

of a new band system of Ge0 in the region between 30008 and 5000%.

The possibility of a new band system of GeO on the longer wave-
length side of the D-X system is indicated from the comparison of the
observed band systems belonging to the diatomic oxides of the elements of
the IV-a group of the periodic table (CO, Si0, GeO, SnO and Pb0). The
energy level diagrams of these molecules and the observed transitions are
shown in Figure A. The higher energy levels and the corresponding transi-

tions of CO are not shown. Barrow, et al. (1954) have remarked that the
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band system corresponding to the B-X transition of SnO have not been ob-
served in the case of Si0 or GeO. This may be due to the spin forbidden
nature of the transition in the light molecules. Since the Ge0 molecule
is intermediate between the lightest and heaviest molecule of this group,
a weak band system on the longer wavelength side of the D-X (analogous

to the B-X systems of the PbO and SnO molecules) may be expected, because
the corresponding state of the Ge0 molecule may partly approach the Hund's

case C.

It is, therefore, concluded that the study of the chemiluminous
reactions of atomic oxygen can give more spectroscopic information than
available from conventional spectroscopic sources. The spectrum of the
chemiluminescence produced during the reaction of germanium tetrahydride
and atomic oxygen should be investigated for identifying a new band system

in a region between 30008 and 50003.

It has been mentioned earlier that no vislble chemiluminescence
was observed during the reaction between germanium tetrachloride and atomic
oxygen. This observation may be compared with the similar observations of
the reactions of carbon compounds with atomic oxygen. The reactions of
hydrocarbons with atomic oxygen generally produce chemiluminescence, but
no visible chemiluminescence was reported during the reaction of carbon
teérachloride with atomic oxygen (Ung et al., 1962). The above observa-
tions indicate a similarity in the atomic oxygen reactions of the hydride
and chloride of carbon and germanium which belong to the same group of

the periodic table.
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APPENDIX C

The True Potential Energy Curves of XZZ and AZZ

States of the Af0 Molecule¥®

by

A. Sharma
GCA Corporation, Bedford, Massachusetts 01730

The AZZ - xzz band system for AfO is of considerable astrophysical
and geophysical importance. For example, the relative intensity of the
bands belonging to the AZE - XZZ system of AZO observed(1-3) during the
rocket release of aluminum compounds in the upper atmosphere at twilight
have been used to obtain information regarding upper atmospheric tempera-
tures. The interpretation of such experiments require information con-
cerning relative vibrational transition probabilities and Franck-Condon
factors. The Franck-Condon factors for the above band system have been
calculated by Nicholla(a) and Tawde gg_gl.(s) after assuming that the

Azz and XZZ states of ALO follows the Morse curve. Zare et al.(s)

have
shown that, in certain cases, the Franck-Condon factors are quite sensi~
tive to the shape of the potential'energy curves. Therefore, the true

potential curves of the Azz and xzz states bf'Azo are calculated and

compared with the Morse potential.

A test 'for finding whether a potential energy curve of a diatomic

inolecule can be represented by a Morse function has been given by

*This work was supported by the National Aeronautics and Space Administration.
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‘method described by Zare.

Pekeria,(7) who has shown that the following relation between the

spectroscopic constants holds for a Morse curve:

o = 6 wexeBe3 - 6Be2 (1)
e we we

The deviation of the value of o, calculated by Means of Eq. (1) from
the observed value can then serve as an indication of the deviation of
the Morse function from the true potential function of the respective
state. Table 1 shows the comparison of the calculated and observed
.value of o, The spectroscopic constants (cm-l) involved in the calcu-

(8)

lation have been taken from Tyte and Nicholls. It can be concluded
from Table 1 that the xzz state of A0 is approximately represented by

the Morse function, but the AZZ state is expected to show larger deviation.

In view of the above finding, the true potential energy curve of
the AZZ and XZZ states of AZO0 are calculated by the Rydberg-Klein-Rees
) The potential is constructed from the ob-
served vibration and rotational term values rather than by an analytical

(10)

form. The computer program described by Zare was used for the
IBM-1094 Computer. The spectroscopic data required for the computation
were taken from Tyte and Nicholls.(s) They have calculated the G(v)
11)

values from the bandhead measurements of Shimouchi, who has measured
the bandheads with an accuracy of £ 0.1 % tot 0.3 8. Since we found that
the difference between the G(v) values calculated from the bandhead and

those calculated from the band origin lies within the accuracy of the
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TABLE 1
State w w X Be «a observed  calculated
e e e e e
2 -3 -3
XZ 979.23 6.97 0.64136 5.80 x 10 5.78 x 10
2 -3 -3
AL 870.05 3.52 0.60408 4.47 x 10 3.55 x 10
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measurements of the bandheads, the G(v) values given by Tyte and
Nicholls(a) were used. The results are given in Tables 2 and 3.

The calculated potential energy curves are compared with the Morse
curves in Figures 1 and 2, which shows that the agreements between
the true potential and Morse potential is reasonable for the XZZ
state - particularly for vibrational levels v s 6. However, the
deviation of the true potential for A?Z state from the corresponding

Morse potential is appreciable for even lower vibrational levels.
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TABLE 2
Potential Energy Curve for AZZ State of AfO

(J = 0 Rotational State)

v + 1/2) U(r) cm”} r, & r %
0 0 1.6668
0.5 434.1 1.7325 1.6080
1.5 1295.3 1.7850 1.5685
2.5 2149.6 1.8235 1.5430
s - 2996. 6 1.8563 1.5233
4.5 3836.0 1.8860 1.5070
5.5 4668. 1 1.9135 1.4929
6.5 5492.1 1.939 1.4804
7.5 6309.1 1.9642 1.4693
8.5 7118.2 1.9880 1.4592
9.5 7921.0 2.0111 1.4499
10.5 8715.3 2.0337 1.4413
11.5 9505.3 2.0552 1.4337
L~ -~~~ - -~ - . — -~ ]
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TABLE 3

Potential Energy Curve for XZZ State of AZO

(J = 0 Rotational State)

(v + 1/2) U(r) cm r, )4 r_ R
0 0 1.6176
0.5 487.9 . 1.6808 1.5633
1.5 1452.1 1.7309 1.5261
2.5 2401.4 1.7688 1.5026
3.5 3336.1 1.8014 1.4845
4.5 4257.8 1.8311 1.4696
5.5 5165.1 1.8589 1.4567
6.5 6058.1 1.8854 1.4452
7.5 6936.6 1.9110 1.4349
8.5 7801.1 1.9355 1.4257
9.5 8660.4 1.9593 1.4175
10.5 9487.3 1.9850 1.4084

11.5 10310.0 2.0065 1.4022

—————————— N
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APPENDIX D

Studies of Ion-Neutral Reactions by a
Photoionization Mass Spectrometer Technique*

by

Peter Warneck
GCA Corporation, Bedford, Massachusetts 01730

(Received 9 May 1966)

ABSTRACT

The use of a photoionization mass spectrometer for ion-molecule
reaction studies is described. 1Ion source pressures up to 200 microns
are employed, measured directly with a McLeod gauge. A method is des-
cribed for determining ion residence time in the ion source at constant

repeller field, using a pulsed light source. Drift velocities, diffusion

+
2

rived from an analysis of ion pulse shapes. Reaction studies are reported

coefficients, and ion temperatures are given fbr N; ions in air as de-

for nitrogen ions in air and nitrogen, and for hydrogen ions in hydrogen.

The associated rate constants are derived. )

*Supported by the National Aeronautics and Space Administration under
contracts NASW-1341 and NAS5-9161.
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INTRODUCTION

The significance of ion-neutral reactions in fields as diverse as
gas discharge phenomena, mass spectrometry, radiation chemistry, upper
atmosphere physics, and flame ionization'has stimulated a surge of in-
vestigations concerned with ion reaction kinetics. The subject has been
extensively 1'eviewed.1-6 A large number of studies employed mass spec-
trometers equipped with high pressure ( > 10.4 torr) electron impact ion
sources, but for these investigations, it is unfortunate that electron
impact generally results in a host of ions of different types due to ion
fragmentation. Unless the electron energies used are close to the ioni-
zation threshold, the subsequent reaction kinetics can be sufficiently
complex to prevent an unambiguous assignment of reaction paths and indi-

vidual rate constants.

In the present work, this difficulty is eyercome by the use of a
photoionization source. The general features of photoionization mass
spectrometers are well described in the 1it:erat:ur:e7-11 and the advantages
of photoionization over the more common electron impact ionization have
been pointed out. Giese,6 and Tanaka and co-workers12 have discussed the
photoionization technique also with respect to ion-molecule reaction
studies. The outstanding feature is the ease with which ionizing energies
can be selected using a monochromator of only moderate resolving power, so

that by operating at photon energies near the threshold of a selected

ionization process, the degree of fragmentation can be controlled. With
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exception of the recent work of Koyano et al.l2 and the ion-molecule

reaction experiment reported by Cook and Samson}3the principal ob-
jective of photoionization mass spectroscopy formerly has been the
study of primary processes at pressures sufficiently low to exclude
the occurrence of secondary reactions. The present work, by contrast,
involves pressures up to 200 microns, and in this pressure domain, the

effects of ion-neutral reactions are well displayed.

Aside from interest in the fundamental behavior of ions in high
pressure ion sources, the emphasis in the present work lies on the
determination of phenomenological rate coﬁhtants. The corresponding

basic experimental requirements may be briefly reviewed. The rate con-

stant k associated with reaction

N +A-M +8

is defined by the rate equation

+
dNt  aM +
“at “dr " kN A (1)

or by the equivalent integrated expression valid for the case when the

neutral reactant concentration remains essentially constant

1 +,4+ 1 + + + +
k—AT log N /N =i log N, /(NO + M -M). (2)

Here, the symbols N+, M+, and A stand for the concentrations of the re-
spective species, No+ is the initial concentration of the parent ion, and .

1 is the average residence time of thg parent ion N+ in the source. Clearly,
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the experimental parameters to be measured for a determination of k
+ .+
include the partial pressure of A, the ratio of ion currents No /N
+
or N°+/M , and the residence time 1. Of these, the measurement of =7

if most problematic and deserves comment.

At sufficiently low pressures in the source, the ions moving in
the extr#ction field are accelerated freely without impeding collisional
cncounters, so that the residence time can be calculated from Newton's
equation of motion, privided the electric field strength and the flight
distance are known. This has been the basis for most rate constant de-
terminations in the past. Little uncert%inty usually exists concerning
the flight distance, but the fields, as calculated from the applied po-
tentials, can be distorted by contact potentials; surface charges, or
field penetration into the source. The experimental determination of
actual fields in the source is difficult and apparently has not been at-
tempted. As the pressure in the source is incgeased, ions suffer col-
lisions on their way to the extraction orifice and the discrepancies be-
tween real and calculated residence times becomes more serious. However,
at sufficiently high ion source pressure, the motion of ions in the re-
peller field is drift, and the residence time becomes, in principal,
calculable again. Nevertheless, current knowledge about drift velocities
in many cases cannot be extrapolated toward the conditions existing in the
ion source, so that there is a real need for a method to determine experimen-
tally the parent ion residence times, regardless of the environmental cordi-

tions in therBsource.
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In view of the importance of residence time determinations, a
considerable effort was devoted to this task in the present study.
Residence times were obtained from delay time measurements made pos-
sible by the use of a pulsed light source. Delay time data also pro-
vided information on drift velocities, diffusion coefficients, and ion
temperatures for sz in air. The present method is applied to ions moving
in a time independent repeller field. This method is quite different from
that developed by Talrose and Frankevich,14 who let the ions react in an
essentially field-free region and then sampled them by means of a pulsed

extraction field; and that by Hand and von,Weyssenhoff,18 who employed a

time-of-flight mass spectrometer.

EXPERIMENTAL

Apparatus

Only the principle features will be given here since a more detailed
description has appeared elsewhere.19 Briefly: the following components
are involved: a 1/2-m Seya vacuum uv monochromator operated in conjunction
with a Weissler-type repetitively pulsed nitrogen spark light source, a
stainless steel ion source located at the monochromator exit, a sodium sali-
cylate-coated photomultiplier detector for relative intensity measurements,
a 180-degree magnetic analyzer with wedge-shaped air gap, and a 20-stage
electron multiplier ion detector followed by a vibrating reed electrometer
and strip chart recorder. Differential pumping is employed to achieve ion
source presgﬁ;es up to 200 microns while simultaneously keeping the analyzer

pressure in the 10-6'torr range}
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A cylindrical ion source is used wiEh ion extraction occurring in
axial direction through a 0.7 mm diameter orifice. An appropriately
biased repeller plate provides the necessary extraction field. Photoions
are formed along the plane of the light beam perpendicular to the cylinder
axis. The center of ion formation is located 3 mm away from the extraction
orifice. With the optical entrance slit to the source in focal position
and with the slit bars adjusted to a width of 0.25 mm, the average width
of the light beam inside the source is 0.6 mm. The resulting spectral
resolution is approximately 5 8. Subsequent optical slits are wide enough
so that the release of photoelectrons from light stgiking the walls is

avoided. Photoelectrons produced at the confining slit are prevented from

from entering the source by means of a small auxiliary field.

The gas pressure in the ion source is measured directly with a McLeod
gauge through the hollow stem of the repeller. Gases enter the source
through the circular gap between the repeller plate and the surrounding
walls, and they leave the source mainly through the light beam exit slit.
Flow and pressure are adjusted by leak valves. Research quality cylinder
gases are employed, with traces of moisture being removed by a trap cooled
with liquid nitrogen or Dry Ice. A cold trap was used also in conjunction
with the Mcleod gauge. Errors in the pressure determination cause by the
mercury vapor stream effectzo were not corrected for since they were gener-

ally smaller than the involved reading errors.
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Determination of Residence Times

The spark light source was operated with a repetition rate of
120 pulses/sec. The average individual pulse duration was about half
a microsecond which, in comparison to most ion source residence times,
was sufficiently short to justify the notion of essentjially instantan-
eous ion deposition. A notable exception were residence times for hy-

drogen ions, which were of the same magnitude as the pulse duration.

Ion source residence times were determined from measurements of
the total time delay between the formation of ions in the source and
their arrival at the mass spectrometer collector. A.calibrated Textronix
oscilloscope triggered by the photomultiplier signal was used for this
purpose. A reproducibility of * 0.2 microsecond was achieved in these
measurements. The total delay time thus obtained is a composite of the
residence time of ions in the source and the ion flight time in the mass
spectrometer. However, the residence time strongly varies with the re-
peller field, whereas the ion flight time is nearly. independent of the
repeller field within certain limits. An extrapolation toward infinite
repeller fields, corresponding to negligible residence times, thus provides
the ion flight time in the spectrometer which can then be applied to derive
the residence time for any chosen repeller potential setting. Figure 1
illustrates this extrapolation. The measured variation of delay time with
repeller voltage for a given ion source;pressure is plotted versus the in-
verse repeller voltage. The ion flight time ig determined from the inter-

cept of the curve with the ordinate. Figure 2, which gives results for
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Variation of ion pulse delay times with inverse
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demonstrating linearity of extrapolation for repeller
voltages 10 to 30 volts.

93



nitrogen ions in air at various pressurecs, demonstrates that the
extrapolation is essentially linear in the vicinity of the ordinate.

This linearity has been found to hold for all ions and pressure regions
investig&ted so far. 1In view of the square root relationship between
residence time and repeller potential at low pressures, the possibility

of plotting delay time data versus the square root of the inverse repel-

ler voltage was also tested. Linearity of extrapolation was again observed,
as expected, but the extrapolation toward the intercept on the ordinate were
somewhat longer and, hence, less certain. A comparison of ion flight times

derived from both types of plots gave almost identical results.

The ion flight times obtained by these procedures still require a cor-
rection, since the assumption that the ion flight time remains unaffected
by a change in the repeller potential is walid only for sufficiently small
repeller fields. The validity of this assumption breaks down when the ion
velocity resulting from acceleration in the repeller field becomes signifi-
cant in comparison to that acquired in the accelerating region outside the
ion source. The effect to be expected can be calculated from the applied
acceleration potential (750 volts) and the approximately known geometry of
the ion orbit, resulting in a correction factor 0.94 for ion flight times
determined from both types of plots discussed above. It was also estab-
lished by these calculations that the repeller potentials actually applied
in the experiments (0-30 volts) were well within the range of repeller

potentials for which extrapolations are valid.
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For the interpretation of residence time measurements, it is also
necessary to discuss the behavior of ion pulse shapes displayed by the
oxcilloscope. Figure 3 shows the observed and expected pulse shapes
for two density distributions perpendicular to the plane of ion forma-
tion in the ion source. The rectangular shape on the left corresponds
to the initial ion distribution produced by the light beam. The as-
sociated idealized pulse shape was observed whenever pressures were
sufficiently low and repeller voltages sufficiently high so that residence
times were short. For long residence times, as they were observed at
pressures above 50 microns and with low repeller voltage settings, the
pulses developed long feet and their shape corresponded better to the
Gaussian distribution shown in Figure 3 on the right. At high pressures,
when the ions traveling toward the source exit suffer many collisions,
the broadening of the initially rectangular ion distribution is inter-
preted as being due to diffusion. At low pressures, when ionic motion
is not hampered by collisions, the change in th; ion density profile must
be produced by the influence of the thermal distribution of initial ion
velocities. The influence of charge repulsion is negligible for the ion

densities encountered in these experiments.

From Figure 3, it is apparent that the center of the ion distribution
is represented by the half-rise point of the charge buildup at the detector.
Accordingly, the average residence times should be determined from the half-
rise time of the ion pulse observed on the oscilloscope. Unfortunately,
the measuremetit of half-rise times was not always found convenient because

of the presence of jitter and statistical noise particularly for low
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ion currents. An additional uncertainty is introduced by the finite
time constant of the RC element connecting the mass spectrometer col-
lector to the oscilloscope, so that the pulse height against which the

half rise point is to be measured is lowered.

These difficulties are avoided when the pulse onset is used for
time delay measurements. However, the use of first arrival times
provides only a lower limit to the delay;and residence time, and the
derivation of average residence times consequently requires a cor-
rection to take into account the broadening of the ion distribution.
Appropriate correction formulae are derived in the appendix. In the
high pressure domain, where pulse broadening is caused by ion diffusion,

the average residence time T, can be expressed by

Ty = /(1 - 1.28 {2Dt/4d) . 3)

Here, 1 is the lower 1limit residence time derived from the first arrival

of the ion pulse, D is the diffusion coefficient of ions under consideration,
and d is the distance from the origin of these ions to the ion source exit.
A similar formula is applicable at low pressures where the pulse broadening

is due to initial thermal velocities of the ions:

102 =12/l - 1.28 1 Hay , )

with k being the Boltzmann constant, T the gas temperature,and m the mass

of the ionié.species under consideration.
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RESULTS AND DISCUSSION

Performance of Apparatus

It is commonly assumed in ion-molecule reaction studies that ion
current ratios measured at the mass spectrometer detector are equivalent
to the ratios of ion fluxes generated in the source. Several fundamental
effects, however, can invalidate the assumption of equal collection effi-
ciencies for all ions. The factors discussed here include pressure, ion-
electron conversion at the multiplier detector, and the variation of ion.

collection from the source for ions with different kinetic energy.

The use of high pressures in a mass spectrometer ion source generally
leads to ion current-pressure relationships which are nonlinear, even in
the absence of ion-molecule interactions. Such nonlinearities were observed
to occur in the present experiments, mainly at pressures exceeding 100 microns.
Predominantly, the cause is8 non-uniform absorption of ionizing radiation in
the source. This effect has been discussed previously.19 If absorption cross -
sections are available for the wavelength region of interest, appropriate cor-
rections can be applied. It appears, however, that several other effects can
also contribute to the observed nonlinearity of ion current with pressure.
The following possibilities were explored: (a) deﬁendence on light intensity,
(b) variation with repeller potential, and (¢) broadening of mass peaks. -These

studies vere pade with oxygen in the ion source as no jion-molecule reactions

were observed to occur for 02+ ions in 02 up to 200 microns pressure.
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(a) To study the influence of light intensity but keep the other parameters
constant, it was necessary to adjust intensities by variation of the mono-
chromator entrance slit setting. Since this procedure affects the resolution,
the 685 & group of nitrogen lines were used for the measurements. This group
consists of an unresolved triplet well isélated from other lines in the
vicinity. Accordingly, any effects caused by a change of the effective
absorption cross section are minimized. At 685 R, the energy is still in-

+

o 8° that only O2 ions

are present. Photomultiplier currents were used as a measure of the light

sufficient to produce dissociative ionization of O

intensity. The results are shown in Figure 4, where the observed ion currents
divided by the photomultiplier currents are plotted as a function of ion source
pressure. A lowering of the normalized ion currents is apparent at pressures
above 100 microns when a high light intensity is used. The reason for the
intensity dependence is not entirely clear, but it may be noted that with the
use of pulsed light sources as in the present experiments, transient ion den-
sities of the order of 108 ions/cc can be reached so that space charge effects
might become significant. The study of ion-molecule reactions obviousliy re-

quires operation at lower light intensities where this effect is negligible.

(b) Variation of the repeller potential causes a variation of the ion in-
tensity at any ion source pressure owing to a change in the ion collection
efficiency. When adjusting for this effect, it was found that a variation
of the repeller potential had no influence upon the ion intensity as a
function of pressure for the investigated range of repeller potentials,

1 to 10 volts, corresponding to field strength of approximately 1.6 to 16

volts/cm.
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Figure &. 'g; ion current in oxygen normalized with respect to

incident light intensity as measured by photomultiplier,

A-1.6 x 1077 A; 0-11.1 x 10”7 A; 0 - 32.5 x 10”7 A.
Filled symbols represent absorxption corrected data
obtained with the assumption that the effective ioniza-
tion region extends through the entire width of the
source. This procedure tends to maximhze the correc-
tion. For the sake of clarity, the absorption correc-
tion of the high intensity data was omitted.
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(¢) Since ion currents customarily are measured at the maximum rather

than by the area underneath a mass peak, it was of interest to investi-
gate the equivalence of both procedures. This test was again performed
with ionizing light at 685 %. The data shown in Figure 5 are normalized
with respect to each other to facilitate comparison. Up to 120 microns,
the data are equivalent but at higher pressures, the use of peak heights
gives lower relative values. At these pressures, the mass peaks develop
tails in the direction of lower energies, indicating an increase in the
energy spread of the ions which undoubtedly is caused by energy losses
during ion-neutral collisions in the accelerating region outside the ion
source. Other effects produced by collisions include a broadening of the
ion beam before it enters the spectrometer and loss of beam intensity due
to self scattering. The last two processes, however, have little influence
upon the ion current in the present experimental arrangement because of the

large solid angle of acceptance associated with the employed magnetic analyzer.

For the study of ion-molecule reactions, it as also important to
establish the signal conversion efficiency of the electron multiplier
detector for ions of different mass (and type), since ion discrimination
would affect the observable reactant-product ratios. Owing to the small
ion currents available in the present experiment, this effect could not be
evaluated directly. However, at sufficiently low source pressure, ion
production is proportional to the product yop, where y is the photoionization
yield, o the absorption cross section at the employed wavelength, and p ts

the gas presgure in the source. Hence, it should be possible to estimate the
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Figure 5. 02 ion intensity in oxygen derived from the height of

the mass peak (®) and the area underneath it (A).
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relative multiplier conversion efficiencies from a comparison of ion
currents observed for various gases and corrected for the pertinent
values of yop, provided the ion collection from the source is indepen-
dent of the nature of the ions. Appropriate experiments with 685 )}
radiation employed argon, nitrogen, oxygen, carbon monoxide, carbon
dioxide, hydrogen, and methane as sample gases. Photoionization yields
and absorption cross sections for the first five gases were taken from
the tables given by Samson and Cairns,21 those for hydrogen and methane

22,23 Although the results for rela-

from the data by Cook and Metzger.
tive multiplier conversion efficiencies showed considerable scatter due
to the accumulation of various errors, they displayed no trends within
the investigated m/e region indicating that mass discrimination, if
present, is a small effect. Although this result is at variance with
the findings of Inghram and Hayden,24 it is consistent with our previous
data obtained with 584 A helium resonance radiation.19 It is noteworthy
that, in both cases, the response of the detec;or for methane ions was

persistently higher relative to that for the other sample gases, if the

fragmentation yield for CH3 and CH2 ions25 was taken into account.

While these results appear to justify the assumption of equal collec-
tion efficiencies for all ions present in the source, there is evidence
that the collection efficiency decreases for ions which have acquired ex-
cess kinetic energy during a reaction. The balance between reactant con-
sumption and product evolution was briefly studied for the dissociative '
charge tranéfer porcesses involving helium ions-and nitrogen or oxygen.
These reactions were discussed by Ferguson 55_31.26 and by Moran and

Friedman.z7 The details of this experiment will not be reported here, but
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it is significant that the reaction of helium ions with nitrogen gave
product ion intensities in perfect balance with helium ion 1§sses,

whereas in the reaction with oxygen when studied at low pressures, only

20 percent of the consumed helium ions could be recovered as 0+ ions.

No other products were discernible. As the gas pressure was increased

so that d+ product ions underwent collisions on their path to the ex-
traction orifice, the product-reactant loss ratio was improved. Moran

and Friedman27 have shown that the reaction of helium ions with oxygen
results in oxygen ions having excess kinetic energies. On the other hand,
the reaction with nitrogen is essentially thermoneutral so that the re-
sulting products are in the thermal kinetic energy range. The present
results, therefore, lead to the conclusion that the employed ion source
geometry and low electric field disfavor the collection of ions endowed
with excess kinetic energies. The influence of this factor is greatest at
low pressures, but it is subdued when ion-neutral collisions are sufficient

to moderate the energy excess.
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Residence Times

Figure 6 gives the variation of residence times with pressure for
nitrogen ions in air with a repeller potential of 1 volt. Of the two
sets of data shown, the upper one was obtained from the half-rise time
of the ion pulse and represents the true average residence times, whereas
the lower refers to the earliest arrival times of the ion pulse. The ob-
served decrease of residence times with decreasing pressure is expected.
Extrapolation toward low pressures gives a limiting value which is in
reasonable agreement with the residence time calculated from the equation
for collision-free acceleration of the ions (3.3 u sec). From the data
shown in Figure 6, drift velocities of nitrogen ions in air, their diffusion

coefficients, and the associated ionic temperatures can be deduced.

Drift velocities were obtained from the relation v = d/To and are
shown in Figure 7 in a logarithmic plot versus the relative field
strength E/p. The observed slope of nearly 1/2 indicates a root relation-
ship. Also shown by the solid and broken lines are results reported by
Martin 55_31.28 and by Dahlquist29 for Ni+ ions in nitrogen. Good agree-
ment is obtained even though the present results refer to air. Nevertheless,
our data are considered only moderately accurate because of the difficulties
involved in defining the true electric field. At E/p values greater than 45,

the data are even less acceptable since the pressures become too low to

justify the model of drift.
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Diffusion coefficients were calculated from 1 and 1 with the
aid of Equation (3). The results are shown in Figure 8 as a function
of reciprocal pressure. The observed linear relationship confirms the
interpretation that the broadening of the ion density profile in the
ion source is due to diffusion. The here derived diffusion coefficients
have the expected gas kinetic values. The linear relationship with 1/p
breaks down for pressures less than 40 microns, which is also the limit
to which meaningful drift velocities could be determined. At lower
pressures, the number of collisions an ion encounters on its way to

the sampling orifice evidently is insufficient to sustain the mechanisms

of diffusion and drift. 1In this pressure region, the motion of ions changes

from drift to free acceleration.

The independent determination of diffusion coefficients in these
experiments permits also the derivation of ion temperatures from the re-
lationship Ti = eD/ku. Here, e is the charge qf the ion, k the Boltzmann
constant, and p = v/E the ionic mobility. Temperatures derived in this
way are plotted versus E/p in Figure 9. The large scatter of data is due
mainly to the variation in the diffusion coefficients. The solid line
shown was obtained with the use of least square averaged diffusion coef-
ficients. It is interesting to note the approximate linearity with E/p.
The relationship Ti = Tgas + a E/p for nitrogen ions in nitrogen was
originally proposed by Varney.3o The slope in Figure 9 is a = 11, which

is in excellent agreement with that deduced by Varney (é = 12.5) from

drift velocity measurements at different temperatures. However, since
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Varney derived the temperaturc scale from considerations of the equili-
. + + , -
brium between N4 and Nz ions, his data really refer to the temperature

of the N4+ ion, although he assumed them applicable also to N2+ ions.. As
a consequence, the obtained agreement may be coincidental. At present,
it is not known whether the observed (approximate) linearity of '1'i with

E/p has general applicability, but from the derivation of the ion temperature,

it is clear that it should depend on the detailed behavior of ion mobility.

Ion Molecule Reaction Rates

Rate constants are reported here for the reaction of nitrogen ions with
oxygen and nitrogen, and for the proton transfer reaction in hydrogen. More
specifically, these reactions read

+ +
(1) N,' +0,>0," +N,

@ N+ o0, - Nob + Mo
+ +
3) N, 4N, N,

@) B+, -~ wT e
The above reactions were studied with radiation centered at 764 s wavelength.
Owing to the limited wavelength resolution, the employed radiation contained
several component lines, the three strongest being NIV 765.1, NIII 764.4, and.
OV 760.4 X. The associated energy spread is 0.1 eV. The available photon
energy lies 0.64 eV above the threshold for N2+'formation and 0.75 eV above
that for H2+ formation. Although this is insufficient for the production of
ions in electronically excited states, it includes the excitation of vibration-
al or rotational levels. Specifically, for H£+, the occurrence of vibra;ional

excitation has been demonstrated by Doolittle and Schoen31 in this wavelength~

region.
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Reactions (1) and (2) were studied with air introduced to the
system at source pressures up to 200 microns. Reaction (1) proceeded
rapidly while Reaction (2) was negligible under all conditions.

Figure 10 shows the N + and 02+ ion currents observed as a function of

2
pressure for a repeller voltage setting of 0.5 volt. Occurrence of
Reaction (1) is evidenced by the rise of Oé+ current at the expense of
the Né+ current. Also shown in Figure 10 is the sum of both current

which, in this case, exhibits an almost linear

112



pressure dependence. The deviations from linearity are attributable

to the increase of light absorption in the source. The limiting ratio

of the ion currents at low pressures, R = i(N£+)/i(02+), was determined

by expansion of Figure 10 as R = 7.1. The ratio expected from the known
absorption and photoionization coefficients%1 taking into account only

thg three strongest lines contributing to the radiation, weighed according
to their intensity, is R = 8.5. The agreement is reasonable if it is con-
sidered that the wavelength setting may have favored either one of the outer

lines of this group.

Rate constants determined from the data shown in Figure 10 are given
in Table I. The initial ion currents, i(N2+)o and i(02+)o, were deduced
from the sum of the observed ion current multiplied by the ratio R measured
at low pressures. N£+ residence times were determined from first arrival
times of the ion pulse at the detector, and the correction according to
Equation (3) was applied. The residence times thus found were somewhat
smaller than those shown in Figure 6 despite ’ the smaller repellér potential
employed. However, these measurements were made early in this work, when a

larger extraction orifice was used so that field penetration probably raised

the field strength actually existing in the source. The data shown in Table 2

were obtained under conditions more nearly resembling those pertaining to

Figure 6. The diameter of the extraction hole in this second series of runs

was 0.7 mm (as used throughout in later experiments), and the repeller potential
was approximately 1.5 volts. The rate constants obtained from both series of
runs are in excellent agreement with each other indicating that the employed

14 )
method of residence time determination yields cérrect results independently of

v
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TABLE I. Rate constants for the reaction N + + 0

2 2°
+
N, )
P, 0,h wh 0,h log =22 kx 101
o 2 ‘o T + +
microns (arbitrary units) u sec (NZ )o-A(OZ ) cc/molecule sec
41 370 81 396 55 2.6 0.031 1.01
60 490 156 566 80 3.8 0.063 0.96
87 565 310 766 108 5.6 0.134 0.96
100 560 415 854 120 6.8 0.184 0.94
114 550 600 1007 142 7.6 0.263 1.06
123 508 662 1025 144 8.4 0.305 1.22
135 498 830 1162 163 9.6 0.370 0.99
140 450 930 1208 170 10.0 0.431 1.07
149 452 956 1232 173 10.4 0.439 0.99
160 367 1135 1315 185 11.2 0.554 1.07
168 320 1355 1465 207 11.6 0.665 1.19
170 302 1215 1355 191 11.8 0.612 1.06
190 260 1600 1629 239 12.8 0.783 1.12
192 236 1638 1640 231 12.9 0.868 1.22
-10 ‘
average k., = 1.06 x 10 cc/molecule sec

1
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TABLE II. K . constants for the ruvaction N + + 0,.

2 2
)
P wh o wh ©0hH ot log 20 k x 10%°
. o 270 (N +) -A(0 +)
microns (arbitrary units) L sec 2’0 "2 cc/molecule sec

30 480 100 500 70 3.1 0.028 1.07

44 535 144 582 84 3.7 0.048 1.04

66 580 260 735 104 5.3 0.104 1.03

85 530 380 796 112 6.2 0.178 1.18
102 530 485 888 125 7.1 0.226 1.09
128 435 700 994 140 8.4 0.360 1.16
136 410 720 989 139 8.7 0.385 1.14
140 410 765 1030 145 9.0 0.400 1.11
160 335 990 1180 166 9.8 0.521 1.16
176 290 1130 1345 190 10.5 0.521 0.99
196 240 1360 1400 197 11.3 0.771 1.22
200 250 1340 1390 - 196 11.4 0.752 1.15

= 1,11 x 10-10 cc/molecule sec

-

average k1
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repeller potential scttings and the resulting fields. Significantly,

the individual rate constants exhibit no trends as the pressure is
varied, although according to Figure 9 the ionic temperature decreases

as the pressure is increased. This shows that at least in the 300 to
700°K region, the rate constant for Reaction (1) is temperature inde-
pcnéent. The value averaged from the data shown in Tables I and II is

kl =1.1x 10.10 cc/molecule sec, in approximate agreement with the pre-
vious estimate of 2 x 10-10 cc/molecule sec by Fite g&_gl.,32 and in ex-
cellent agreement with the wvalue kl = 1.0 x 10‘.10 recently established by
Ferguson and collaborators.33 Their experimental results were obtained
under entirely different experimental conditions, i. e., with a steady flow

technique involving several torr of helium as a buffer gas. The close agree-

ment of results thus adds confidence in the present experimental technique.

Reaction (2) has not been observed in these experiments and only an
upper limit to its rate constant can be given. Even at pressures exceeding
200 microns, no nitric oxide ions could be detect;d. However, in this pres~
sure region, the 02 peak generated by Reaction (1) developed a tail, a portion
of which covered the m/e = 30 region of the mass spectrum. From the current
ratio of the background to that of the mass number 32 peak, the upper limit
rate constant for Reaction (2) was found to be 3 x 10-4 that of Reaction (1)
or k2 $3x 1014 cc/molecule sec. This is an order of magnitude smaller than
the upper limit value derived by Galli 55_51.34 In this particular case, the
photoionization mass spectrometer is used with advantage, since as Talrose3?
has demonstratﬁﬂ, the commonly employed electron impact ion sources generate

NO from nitrogen oxidation at the hot filament.
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>reasonab1e agreement with that reported by Fite et al.32 (k3 =5x 10"

Reaction (3) was studied in nitrogen at source pressures from
90 to 200 microns. At lower pressures, N4+ ions could still be
discerned, but usable data were difficult to obtain because of ex-
cessive noise. Water vapor was a noticeable impurity despite the
application of a liquid nitrogen cooled Erap. Apparently, the forma-
tion of sz+ ions occurs by a very fast charge transfer reaction in-
volving nitrogen ions. The intensities of the m/e = 18 peak were,
therefore, added to the sum of N2+ and N4+ ion currents to determine
the initial N2+ currents required for the determination of rate con-

stants, although this correction amounted to only a few percemt. Table

III shows the data including residence times and rate constants computed

. from Equation (3). The magnitude of the derived rate constants is in

13

cc/molecule sec), but the present data are in disagreement in that they
exhibit a trend with pressure. Seemingly, Reaction (3) is not a bimolecular
process as predicted by Fite et al. A plot versus pressure in Figure 11
shows that the pressure dependence of the rate constants derived for the
bimolecular process is linear and that an extrapolation toward zero pres-
sure goes through the origin of the plot. This is clear evidence that

Reaction (3) involves a third body and should properly be written

+ +
(3a) N, + 2N, >N + N, .

In view of the attachment nature of this reaction, the participation of _

a third body is required to stabilize the resultant N4+ ion. However, at

sufficiently high pressures, the reaction can become effectively bimolecular
-+
N,

of the ions between collisions so that stabilization is always effective.

if the lifetime of the complex is longer than the mean free flight time
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TABLE III. Rate constants for the reaction N * + N..

2 2
+ + + 13 k, x 102
P (N2 ) (N4 ) N (N, )/N T k, x 10 3a
0 4 o 3 2 2
microns (arbitrary units) u sec cc/molecule sec cc”/molecule sec
94 1330 11 1365 .0082 10.0 2.61 8.42
98 1290 12 1302 .0092 10.5 2.71 8.38
115 1420 20 1440 .0139 11.8 3.10 8.18
120 1400 27 1460 .0185 12.2 3.84 9.30
130 1470 30 1500 .0200 13.0 3.60 8.40
142 1510 40 1550 .0258 13.8 4.00 8.55
154 1560 51 1611 .0317 14.6 4.27 8.40
165 1510 64 1616 . 0406 15.4 4.73 8.70
177 1560 81 1691 <0492 16.0 5.27 9.02
185 1540 96 1686 .0588 16.6 5.62 9.20
194 1510 108 1666 .0668 18.7 5.45 8.50
195 1515 111 1686 .00617 17.2 5.75 8.85
N = N =29 2 2
o = sum of ion intensities average k3a = 8.5 x 10 cc”/molecule”sec

at m/e = 28, 56, and 18.
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Figure 11. Variation of rate constant k3 with pressure.
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In the pressure range used here, this case evidently does not apply.
The rate constants associated with Reaction (3a)are obtained from the

bimolecular rate constants k3 divided by the corresponding number den-
sity of nitrogen. An averaged rate constant k3a = 8.5x% 10-29

sec is derived from the data shown in Table III.

ch/molecule2

It should not be overlooked that N4+ ions can also dissociate upon

collisions. In fact, Varney30 has successfully interpreted drift velocity

+
2

brium. It remained, therefore, to check upon this possibility under the

data in nitrogen on the basis that N, and N4+ ions are in thermal equili-
present experimental conditions. With the use of the equilibrium constant and the’
temperature scale for N4+ ions given by Varney, the degree of dissociation

of N4+ ions was found inappreciable. Further, an attempt to fit the present

data into a thermal equilibrium scheme failed both qualitatively and quanti-
tatively. The conclusion is that the ion residence time in the source is in-
sufficient for equilibrium conditions to develop» On the other hand, this is

precisely the situation which enables the determination of the rate constant

associated with Reaction (3a).

Reaction (4) was studied mainly to provide an additional check on the
applicability of the present techniques. With hydrogen admitted to the
source, the Hi+ and H3+ ion intensities observed varied with pressure as
shown in Figure 12. The repeller potential in this. case was one volt,
resulting in a field of approximately 1.5 volt/ecm. The pressure dependence
resembles thag_found by Saporoschenko,36 who used an ion pathlength of 0.5 cm

-—

and 4 volt repeller potential. The Hi+ - H3+ conversion is essentially
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complete at 50 microns pressure. The mode of ionic motion in this

pressure domain is predominantly collisio,i~-free acceleration. Indeed,
residence times derived from first arrival measurements of the ion pulse

were found to be pressure independent. Accordingly, Equation (4) has to

be applied to correct for the pulse broadening due to the initial thermal
velocities of the produced ions. As has been pointed out, residence time

for hydrogen ions is of the same magnitude as the duration of the light
pulse. However, first arrival time measurements should still give es-
sentially correct residence time. The average residence time thus deduced

is 1.1 u sec, in close agreement with the value calculated from the assumed
electric field. The average rate constant derived from the data shown in
Figure 12 is k4 = 1.85 x 10-9 cc/molecule sec, in good agreement with the'
experimental value of 2 x 10-9 cc/molecule sec given by Reuben and Friedman37
for low repeller fields, and with the value calculated from theory.38’ 39
The agreement with Saporoschenko's data is less satisfactory, but his measure-
ments were made at higher fields and correspondfﬁgly smaller residencg times.
His results are more in accord with Giese and Mhier'u40 data, which approach

the theoretical value as the ion velocities are lowered toward the thermal

range.
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CONCLUSIONS

The present investigation differs from previous mass spectrometer
investigations of ion-molecule reactions in two respects: (a) photo-
ionization replaces the more commonly employed electron impact mode of
ion formation and (b) a new technique is employed for the determination
of ion residence times in the source in the presence of a constant re-
peller field. The ensuing advantages are: first, the state of the
primary ions is reasonably well defined by the choice of ionizing wave-
length and second , residence times can be obtained without a detailed
knowledge of the electric field configuration in the ion source. This
is particularly valuable at higher pressures where residence times are
not calculable from Newton's formula. The interpretation of ion pulse
shapes in terms of ion density distribution enables the determination of
ion diffusion coefficients from the broadening of the density profile,
and ultimately the derivation of approximate ion temperatures. It is an
important finding that at pressures above 50 microns, where the basic
motibn of ions is drift in the electric field the ionic temperatures
are in the thermal range provided only moderate fields are applied.
Finally, rate constants for several reactions involving nitrogen and hy-
drogen ions are given and compared with existing data where available.
Satisfactory agreement is obtained in all‘cases, indicating that the

methods applied here are useful in extending rate constant determination

toward higher pressures .
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APPENDIX

To evaluate the effect of diffusion on a group of ions moving in
the source under the influence of a field, consider the following
idealized physical situation. It is assumed that ions are deposited
by a delta source release at the instant t = 0 in the plane
x = 0,and that a one dimensional Gaussian ion concentration profile

develops due to diffusive motion perpendicular to the plane of origin!

-1/2

n(x, t) = No(anDt) exp(-x2/4Dt)~.

Here, x is the distance from the center of the profile, No is the total
number of ions generated per unit area in the plané of origin, and D is

the diffusion coefficient.

Superimposed upon diffusion is the motion of ions toward the sampling
orifice due to the applied electric field. Since the field is also perpen-
dicular to the plane of origin, it is convenient to express x in terms of
the dfift velocity v and the time t. In the pressure region where diffusion
occurs, the drift velocity is constant, so that x = d - vt with d being the
known distance from the center of the light beam to the sampling aperture.

If the average residence time T, = d/v is introduced, x = d(1 ~- t/ro).

Consider now the flux of ions entering the sampling aperture. The

contributions of both drift and diffusion give the flux

(e, © = e, © - 0 B w e, o) B0
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The buildup of charge at the detector located behind the sampling
aperture is given by the time integral

t

t ' -
P(v, t) =f Q(v, t) dt =f n(x, t) (v +-2}£t-) at ,
o o
which can be evaluated to yield
P(v, t) = 1/2 N [1 - erf (x/2~f5§)] .

The determination of the time t = 1 at which ions are first detected
requires the definition of a threshold. Since experience has shown
that the average practical detection limit is around ten percent of
the total pulse height displlayed on the oscilloscope, it is reasonable
to set P(v, t) = 0.1 N0 and evaluate the error function accordingly.

This leads to

0.906 = x/2NDr = d(1 - ©/x )/&/Dr
which can be rearranged to yield

= ¢/[1 - (1.28/d) N2D1] .

T
(o]

In the low pressure region where the motion of ions is governed by
collision-free acceleration in the electric field, the broadening of
the ion concentration profile is due to the thermal distribution of

initial ion velocities, and
L J

N 2 2
o m . m X

nGx € =% (Zad ) P %T 2 )
t
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Here, m is the mass of the ion, k the Boltzmann constant, and T the
temperature. The flight velocity is no longer comstant, but the ac;
celeration a provided by the field is. Similarly ‘as’.above, x =d -
at2/2 =d(1 - tzlroz) and by the same arguments, one derives for this

case

T, = «2/[1 - (1.287/d) NKT/m] .
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